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PREFACE

This report describes the work performed under the DOT/FAA Core Engine
Noise Control Program (Contract DOT-FA72WA-3023). The objectives of the
propram were:

° ldentification of component noise sources of core engine noise

t ) ldentification ot mechanisms associated with core engine noise
generation and noise reduction

° Development of techniques for predicting core engine noise in
advanced systems for future technology aircraft

The objectives were accomplished in four phases as follows: 3

» Phase I - Analysis of engine and component acoustic data to iden-
i tify potential sources of core engine noise and classi-
fication of the sources into major and minor categories.

) Phase 11 - Identification of the noise generating mechanisms 2
associated with each source through a balanced program i

of: 3

1

- Analytical studies
- Component and model tests

- Acoustic evaluation of data from existing and :
advanced engine systems. .-

° Phase I11 - Identification of noise reduction mechanisms for each
source through a program with elements similar to
Phase II.

o Phase IV - Development of improved prediction techniques incorpo-
rating the results obtained during the preceding two
phases.

Ilie work accomplished is reported in three volumes corresponding respec- ,
tively to the three objectives stated above, -

° Volume I =~ Identification of Component Noise Sources.

o Volume 11 - Identification of Noise Generation and Suppression
Mechanisms.

° Volume III~ Prediction Methods. .

A visua! representation of the overall program and report organization is
shown on page v,
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aocumenta the results of the Phase 1V activity which conslsted
updat fae ond valbdat lng existing predict fon technlques ond evolving new pre-
diction methods threugh data correlation or analysls., The work accomplished

ia Phases 11 and 11 (reported in Volume 11) provided the basis for this above
eftort.  In turn, the new prediction methods were used tov reevaluate the pre-
liminarv ranking of the core engine noise sources obtaine in the ini:ial stages
of the program. The finul ranking is reported in Volume I.

o
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SUMMARY AND) CONCLUSIONS

Proedictton methods dare presented tor the followlong component sources of
COre enpine neise:
| . Low velocity, coannular flow, jet noise )
F ) Combustor ("core") noise
, .
e LLow pressure (fan) turbine noise

interaction of turbine tones with fan/core jet streams

KL

[ [ Obstruction noise
| v Casing radiation

The prediction methods were developed, with one exception, from correla-
tions Juriiy the Core Engine Noise Control Program. The exception, analytical
predictien of turbine discrete frequency noise, consists of a variation of
an exi-tivy General Electric method for fan noise prediction, the two sources
beiny verv similar. The rationale behind each prediction method and the
salient {«tures of the component sources are briefly described below.

Jet Noise :

The prediction procedure is based on the detailed acoustic testing of
<tatically operated single and coannular flow nozzle configurations. The .
resulting .orrelations are applicable for a range of bypass ratios from 4.5
to 14.u, area ratios (fan/core) from 2 to 8 and velocity ratios (fan/core)
trom 0.6 to 1.0,

1ihe method first makes a prediction of the noise gennrated by the core
flow .lon., using the core jet velocity, and corrected for the core jet
temperature through a velocity-dependent function of the jet density. The

»11ec ol shrouding the core flow with the secondary fan flow is entered as
tur- ' i of the velocity ratio and area ratio. Generally speaking, the
cumbine. neise level is lower than that for the primary jet alone for velocity

ratins iower than 0.7 and higher for velocity ratios above 0.7.

A impiified prediction technique was also developed to account for the
suppression achicvved using a wultilobe daisy type core nozzle. The data used
were trom an l&-lobe suppressor, with annulus/core flow area of 2, installed
ia a coaneular flow system with area ratio (fan/core) of 3 and a core velocity A
of 1000 1t se. (488 m/sec). Further parametric studies are required if the :
prediction method is to be generalized.

vi
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Combustor Core Noise

The nolse penerated by the combustion process is attributed to mass and
momentum fluctuvations resulting from unatewdy burning. It consists of
broadband noise arising {rom a statistical distribucion of wonopole sources
scattered throughout the reaction zone. It generally occurs in the low

frequency range, peaks at about 400 Hz (for engines), and at about 150* from
the inlet.

Combustor nojve in an engine has been found to vary in direct proportion
to the airtlow rate, to the temperature rise across the combustor, and to
the density at the inlet to the combusior. When these parameters are input,
the prediction method provides a spectrum at each angle. There is a systematic
difference in the nois> levels for turbojet, turboshaft and turbofan engines.
The turbojet data correlate highest and the turbofan data correlate lowest.

Turbine Noise

Noise is generated in a turbine primarily by viscous wake interaction
between adjacent blade rows and by the impact of turbulence on the rotating
blade rows. The former is responsible for discrete frequency noise genera-
tion at the blade passing frequency (B{F) and the latter for broadband noise
penerat ion ceatered at the BPF. A typical turbine noise spectrum, therefore,

consists of a high frequency broadband signal with superimposed discrete
frequency spikes,

The turbine noise peaks at 120° and 110° from the inlet for high bypass
uvngines and turbojet engines, respectively. Turbine noise is most discernible
at luw power settings and can be the dominant noise source at approach power.

The controlling variables include the ideal work extraction (pressure
ratio) and tlade tip speed or rclative velocity. The noise increases with
i ressure ratio for constant speed and decreases with blade tip spexd at
constant pressure ratio. The latter also corresponds to increasing noise
with blade relative velocity at constant pressure ratio.

Thre« separate prediction procedures have been outlined to suit varied
requirements:

(A) Preliminary prediction method - provides quick approximate estimates
«:f perceived noise levels at the max angle. Required as input are the

inrbine pressure ratio, blade tip speed and the core nozzle exit
dread.

(B) Detalled prediction method - provides a complete turbine noise
spectrum at each angle for each stage., The stage pressure ratio,

blade tip speed, blade inler ~elative velocity and stage exit area
must be input.

vii
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W Mualvtical prediction of discrete frequency nvise - capable of
cvaluating effects of aeromechanical configuration variations on
the noise pencration. A source power level is provided. A complete
desceription of the stage is required, including the physical
dimensions and velocity triangles.

Methods (A) and (B) are based on correlations of available acoustic data
from high bypass turbofan engines, and Method (C) is based on an analytical
description of viscous wake interaction between adjoining blade rows.

Turbine Tone/Jet Stream Interaction

Turbine tones are modulated in freguency and amplitude due to turbulence
scattering while propagating through the jet mixing regions. The tone SPL
drops and the energy is redistributed into sidebands. Energy is apparently
conserved during this process and there is no evidence of amplifications.

While this interaction is observed for both turbojet and turbofan engines,
the cffect is enhanced by the coannular flow arrangement of the turbofan.
The modulated tone appears as a "haystack' in the farfield narrowband spectrum
centcred at the BPF at the peak aft angle (120°). The haystack possesses
all the properties of turbine discrete noise and is thus most visible ar 120°
and at low power settings.

The controlling variables (and the input required for the prediction
method) are the fan jet velocity and the relative distance between the fan
and core nozzle exhaust planes. The output consists of the tone amplitude
reduction and the frequency spread. A coplanar exhaust arrangement greatly
minimizes the tone wodulation.

thtruction Noise

Flow over obstructions such as struts and pylons results in noise genera-
tion due to interaction of the obstruction body with the inflow turbulence,
the boundary layer on the surface, and the trailing edge vortex. The latter
two mechanisms appear to be dominant. The vortex shedding may be periodic,
leading to discrete frequency noise, or it may be random, producing broadband
moise. For the Reynolds number range encountered in ailrcraft engines, the
shedding is normally random., Since both of the other mechanisms also vresult
in broadband noise only, the obstruction noise is normally encountered as a
treadband peak in the spectrum. The peak frequency demonstrates a Strouhal
number dependency; that is, it tracks with the stream velocity.

Data show that the peak occurs near 120° from the engine inlet. The
noise would be expected to be most noticeable at the lower power settings
becuuse it varies with the fifth power of the velocity (jet noise varies
with thce eighth power).

Flow velocity is the prime controlling variable, however, the profile
drag cvefficient and the physical dimensions of the obstructions also
influence the noise.

viii
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: The prediction method presented supplies the overall acoustic power and
= the one-=third octave band power level spectrum for acoustlc radiation from
B struts placed in a smooth uniform flow. The formulation is valid for angles

of attack in che rauge 0 to 15° and Reynolds numbors in the range 3 x 109 to
1 x 106 (based on the chord).

Casing Radiation

L Noise generated by the engine intevnal components may be radiated either
‘ through the inlet or exhaust or transmitted directly through the engine
casing. The casing radiation is actually determined by evaluating the noise
generation by the component sources and applying the casing transmission
characteristics contained in Section 7.3 of Volume II. Volume III contains a
less detailed casing radiation noise procedure which may be used for quick,
preliminary purposes, as in the early stages of engine design.

i

This prediction method was developed by evaluation of acoustic data from
the J79 test mentioned in Volume II. The correlating parameter is the
compressor tip speed. The radiated spectrum is fairly flat with a slight
veak near 500 Hz. The peak radiation angle is assumed to be normal to the
ret axis.

ok el

The prediction methods contained in this volume are cast in a general
rorm s0 as to be applicable to a wide variety of cycles, including current
and envisaged future technology aircraft engines. The methods were validated
with rcasured acoustic data wherever possible.

-
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NOMENCLATURE

area

in~ident wave amplitude

axisl chord

exhaust nozzle area ratio (fan/core)
blade passing frequency -
bypass ratio (fan/core)

distance between centers of adjacent blade rows (Section 4);
also, distance propagated through turbulence region (Section 5)

profile drag coefficient

coefficient of specific heat at constant pressure
acoustic velocity; also, semichord (Section 4)
diameter, normally fan jet diameter
directivity index

diameter, normally core jet diameter
decibel

extra ground attenuation

effective perceived noise level
2.71828

fan tone

frequency

1/3 octave band center frequency
spectrum peak frequency

modified Strouhal frequency
coefficient of unsteady upwash
gradienc, V operator

blade height

Hertz, cycles/second

horsepower

span

acoustic intensity

Bessel Function of first Kind

modified Bessel Function; also, constant (Sections 3,4)
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W

kHz
ko

MNf
NPSL
NPWL
n
OAPWL
OASPL
P
Pr
PWL
PWLy

II

sl

S n

SPL

NOMENCLATURE (Continued)

wave number, 2n/2 = w/c
kilo~Hertz
wave number of the incident wave

distance between fan and core nozzle exhaust planes (Section 5);
also, sideline distance (Appendix A)

chord; also, characteristic length (Section 5)
Mach number, V/c

relative Mach number, Vryel/c

turbulence Mach number

slope

rpm

design fan rpm

nondimensional power spectrum level

normalized measured OAPWL

harmonic number

overall power level (acoustic), dB re 10-3 watt
overall sound pressure level, dB re .0002 d/cm?
total pressure; also, acoustic power in watts (Section 2)
pressure ratio

acoustic power level, dB re 1073 wact
normalized 1/3 octave band PWL

acoustic pressure or static pressure

dynamic pressure

turbulence region (Section 5); also, arc radius (Appendix A}
Reynolds number

cylinder function

position vector; also, radlal coordinate in a
polar system (Section 4)

Sears Function

Strouhal number, frequency x length

velocity

sound pressure level, dB re .0002 d/cm2

axial spacing between blade rows
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NOMENCLATURE (Continued)

total temperature; also, turbine tone (Section 4)
transmisslon loses

static temperature; pitch (Section 4); thickness (Section 6);
also, time (Section 5)

trailing edge thickness of turbine blade
flow velocity

blac *ip speed

free scream velocity

primary (core) jet parameter

secondary (fan) jet parameter

maximum velocity defect in viscous wake
velocity; also, volume (Section 5)
velocity of ambient atmosphere relative to the Jet nozzle
expanded mean jet velocity

relative velocity

exhaust velocity ratio (fan/core)
airflow rate

axial coordinate

2

b "N
- - [cz —_—+ - 0.6, Equation (4.2.1-5)

c2 cos al ¢z Vi
wake half width (Section 4); also, Bessel Function of the
second kind
normal coordinate
air angle; also, air attenuation (Appendix A)
mean angle )
angle of attack
stagger angle of blades
air angle between rotor and stator blades
unsteady circulation
ratio of specific heats
difference
incremental area

incremental time
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NOMZNCLATURE (Cont inued)

- drop in tone SPL due to "haystacking" (Section 5); also,
maximum thickness (Section 6)

Tp - pressure loss coefficient
' 2
n norm, nf]‘rR nm(Anmr) dr
/ &) - angle
2 ¢ 1 )
f < - compressibility, o (%)
: - 3.14159
N - density
NI - acoustic impedance
’ Y core - expanded jet density
1 Pisa - density at international standard atmospheric conditions
E J - blade row solidity, £/t
? . - angle
¢ - circular frequency, 2nr
Wiy - jet density exponent for sound power correlation
“o - circular frequency of incident tone
nczl]o1
w2 - reduced frequency, —=—= (Section 4)
e,V
11
( )C - correlation valiue
(). - value for coannular configuration
coann
( )core - primary (core) nozzle or jet parameter
( )fan - secondary (fan) nozzle or jet parameter
( )i - incident wave
() - maximum value
max
() - mean value
mean
( )Ref - value at reference conditions, reference parameter
( )s - static conditions
. ( )T - total conditions
- t
( )Tone value for tone
N ( )x - component in x-direction
( )y - component in y-direction
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NOHMENCLATURE (Conc luded)

simple harmonic component
freestream condition

1/3 octave band value
reference conditions

upstream conditions; also, distance along an upstream blade
(Section 4)

downstream conditions; also, distance along a downstream blade
(Section 4)

conditions at fan nozzle exit plane

conditions entering a combustor

conditions at combustor exit

conditions at turbine exit

conditions at core nozzle exit plane
space-averaged value over an arc

mean, time-averaged value

derivative

normalized quantity

time and space-average of mean square quantity

magnitude, absolute value
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SECTION 1.0

INTRODUCT LON

A great need exists for reliable prediction methods for core engine noise
sources in view of present and expected future generations of high bypass
turbofan engines which will incorporate quiet fan installatious. When an
engine system is in development, it is necessary to evaluate accurately the
potential anoise contribution from the various components so that source re--
duction techniques may be incorporated, if necessary, in order to meet
community noise standards.

At the start of the Core Engine Noise Control Program, little was known
about the basic mechanisms of core engine noise generation and transmissirn.
Existing prediction techniques were largely based on observation and empiri-

cism. Since the data on which the prediction methods were based were frequently

restricted to a small operating range and/or to a specific typ: of engine, the
range of application was limited. Extension of the results to other machines
was not always possible, or was open to misinterpretation.

Tﬁe objective of this program was to develop meaningful predictions for
the significant sources of core engine noise, founded on an understanding of
the noise generation and transmission mechanisms. During Phases II and III
of this program, acoustic data were compiled from a large number of model,
~omponent and engine tests. This information, along with the analytical work
performed earlier (Volume II), was used to develop new correlations for the
following noise sources previously identified (Volume I) as potential contrib-
utors to the core engine noise levels:

. l.ow velocity, coannular jet noise

® Combustor or ''core' noise

. Low pressure turbine noise

o Turbine tone interaction with fan/core jet streams
° Obstructions in the flowpaths

. Casing radiation

The compressor noise prediction method developed under previous FAA
sponsorship (Reference 1-1) was found, in Volume II, to be adequate for
present purposes and will not be repeated here.
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1-1 "Fnu/ﬁ&mp:onuur Noise Resecarch, Volume 1", Final Rerort under DOT/FAA
Contract FL6BWA-1960, General Electric Company, FAA Report No. FAA-RD-
71-85, December 1971,
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SECTION 2.0

LOW _VELOCLTY JET NOISE

2.1 OBJECTIVES

The vbjective of this work effort was to develop a jet noise prediction
procedure based on detailed acoustic experiments on statically operated
single and coannular jets. The nozzles, both unsuppressed and suppressed,
were c¢xuamined in terms of OAPWL, PWL spectra and directivities.

2.2 UNSUPPRESSED COANNULAR PREDICTION

2.2.1 Introduction

The experimental work described in Volume Il provides an excellent data
bank from which to formulate an empirical coannular jet noise procedure. The
coarfigurations and che test matrices were chosen to encompass the performance
cyclus of turbofan engines with bypass ratios from 4.5 to 14.0. This range
is representative of cngines used on current commercial aircraft as well as
advanced STOL and ViOL engines. The data from the JENOTS jet facility, with
relatively large model sizes and a hot primary jet, can be scaled up to
provide full-scale data for the prediction method. Such information is a

useful addition to previous investigations in this flield (References 2.2.1-1
tO 2.201-4)0

The prediction procedure presented herein considers the overall sound
power level produced by the core nozzle alone, related to core jet velocity.
The variation in core jet temperature (and hence jet density) is provided for

by normalizing the power level using a welocity-dependent function of the jet
density as determined in Reference 2.2.1-5.

To derive the overall sound power level of a toannular system, the method
corrects the single jet levels by a fa~tor determined from the experimental
program, This correction factor is dependent upon the area ratio of the
svster and the velocity ratio of the cycle.

The spectral characteristics of the system are introduced in terms of
power spectrum level related to a modified Strouhal number. Each expression

is normalized to account for the coannular configuration by means of the
mod? fication suggested in Reference 2,2.1-4,

The final stage in describinzg ithe noise characteristics of the coannular
jet is to relate the directivity index of each configuration to the modified
Strouhal number. For a specific distance at a given temperature, the predic-
tion method computes the one-third octave band sound pressure levels of a
coannular jet noise system over the range of the experimental test matrices.
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: the development of the semiempirical coannular jet noise prediction :
program is summarized as follows:

1. The correlatlons were based on core jec sound power levels which can
be related to parallel analytical techniques.

K 2. The sound power levels were normalized to account for jet tempera-
b ture by means of a density ratio raised to an experimentally
{ Jdetermined exponent.

3. The relationship between power spectrum level and Strouhal number
for coannular jets was found valid if a modification was made to
cacn parameter.

The directivity indices were also related to the same modified
Strouhal number.

FOS

The prediction procedure is defined in five steps, as shown in Figure
2.2.1-1.

Step 1 determines the overall sound power level of the core nozzle.

Step 2 enables the overall sound power level of coannular nozzles to be I
determined by applying a AOAPWL to the OAPWL ore’ The correction is dependent
on area ratio at a given velocity ratio.

step 3. The nondimensional power spectrum level (NPSL) equals the power
level spectrum PWLf [where PWLf = PWipgnq ~ 10 log (4f)], normalized and relatea
to the coannular PWL. Thus,

NPSL = PWL, . - 10 log;q (Af) - OAPWL_ . 4+ 10 log,
/2 -
)Ym (Ysgzé)v (2.2.1-1)
.D Vfan ’

wis Getcermined from the experim7ntal data for each value of the dimensionless
frequency (13 /Vy) (Vfan/Vcore)l 2 for a specific area ratio and velocity ratio. ﬁ

Step 4. The directivity index, DIy, is established (for a specific area
ratio and angle) from experimental results at each value of the dimension-
less frequency where DIg = SPLe - SPL

space average' i
Step 5, The farfield noise spectra at any acoustic angle for any given -
arc ur sideline are computed from:

- - - 9.25 - - (2.2.1-2
Lspace average Pm‘bemd 20 10810 R~ 9.25 - EGA - a )
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RELATIONSHIP OF PRIMARY NOZZLE NORMALIZED OVERALL POWER
LEVEL AND PRIMARY JET MACH NUMBER

-

w
Peore) Veore
OAM‘core- 10 LOG lAm(ﬁ ] VS LG ———

]

RELATIONSHIP OF DIFFERENCE BETWEEN OVERALL SOUND POWER

LEVELS OF COANNULAR AND CORE JETS AND VELOCITY RATIO FOR
AREA RATIOS OF 2 TO 8

v
PWL , fan Afan
OAPWL,sanqular OAPLcore VS Y=o FOR A GIVEN z=i2-

]

RELATIONSHIP OF NORMALIZED POWER SPECTRAL DENSITY AND

MODIFIED STROUHAL NUMBER AT VARIOUS VELOCITY AND AREA
RATIO COMBINATIONS

fan ] vcore

/2 1/2
\'/
PWL_ o ~OAPWL, , + 10 LOG DEC 3-‘5-9—\5 v §£ (v.fm.$

v
FOR A GIVEN =28 Afan

core ‘core

l

RELATIONSHIP OF DIRECTIVITY INDEX AND MODIF7<D STROUHAL
NUMBER AT ANY ANGLE FOR AREA RATIOS BETWEEN 2 AND 8

v, /2 A
DI, VS -f-’?(‘-,ﬂ‘i FOR A GIVEN 0, L2

= Vo \Veor A

core
FARFIELD NOISE SPECTRA AT ANY ACOUSTIC ANGLE FOR ANY
GIVEN ARC OR SIDELINE

FIGURE 2,:,1-1 OUTLINE OF PREDICTION PROCEDURE FOR
COANNULAR JET NOISE
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from
Reproducaq fror .

therv rer,

1/2
s . NPT & D fan -
SPL -+ NPSL 4 OAPchoann + 10 1““10 (Af) vm (__vcore) (2.2,1-3)

SN ‘ - ) - EG -
20 ln‘\.l0 R 9.25 EGA a + Dle

Cogey at 250 ft (76.2 m) arc, 59° F and 70X RH 1/3 octave band SPL

v 1/2
Pl = D [ _fan_ (2.2.1-4
st L, = NPSL + OAPchoann + 10 log10 23 x o (vco“) )

- 57,2 - EGA - a4 + Dle

J.2.2 Experimental Results

Confirmation of Density Exponent

An e¢ffect due to the temperature i the core jet was recognized which
would have to be accounted for by a normalization parameter. It was decided
to utilize the results from Reference 2.2.1-5 and to conduct a short test
program to validate the Reference 2.2,1-5 data. The test was conducted at
selected values of jet velocity and total temperature for a conical nozzle
at the JENOTS facility. The results were correlated as shown in Figure
2,2,2-1, where the sound power level for unit jet area is plotted as a function
of the jet velocity at various normalized values of the jet densiry (pcore/Psia).
The results illustrate the varying effect o' the density on the sound power of
the jet, depending on jet velocity. At high velocities a reduction in sound
power was observed when the density was decreased at a given jet velocity and
area. As the jet velocity is reduced, this effect becomes less marked.

The information indicates that if the sound power levels of jets are to
be expressed by a unique curve over a wide range of operating conditions,
then an exponent uwy should be used for the jet density. The value of the
denslity cexponent wmy, at the given jet velocity corresponds to the slope of the
mean line passing through the test points.

The values of the exponent determined from the available test data are
shown in Figure 2.2.2-2. The actual values used in the prediction procedure
(Reference 2.2,1-5) are shown as the solid line. Tue values recently proposed
by th¢ SAE Committee A2l are also shown for comparison. Acceptable agreement
with the Reference 2.2,1-5 trend is demonstrated, which supports the use of
the existing exponent.
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Core Nozzle Sound Power Correlation

The data from the model tests were scaled to full size which essentislly
produces spcctra free from ground interference patterns. The overall sound
power level of the core nozzle was normalized and plotted as a functiun of
norralized core jet velocity, as shown in Figure 2.2.2-3. Singc the facility
was free from parasitic noise., the slope of the line obeys a V* law down to a
core velocity of 500 ft,sec (152 m/sec). The temperature of the jet varied
from 550° R (305° K) to 1660° R (520° K), but the chosen normalization param-
eter sensibly collapsed the data. Also shown in Figure 2.2,2-3 are the data
from the fan nozzle (e.g., "annular conical") only tests. Agreement with the
conventional conical results is quite good.

Calculation of Coannular Jet Overall Sound Power Level

The difference between the full-scale sound power levels of coannular jets
and a single jet is plotted as a function of velocity ratio (Vean/Veore) at
each area ratio tested. These relationships are shown in Figure 2.2.2-4.

Power Spectrum Levels

In order tc establish the distribution of the energy between the frequen-
cies, the nondimensional acoustic power spectrum is plotted against nondimen-
sional fiequency. The mean lines through the data are indicated in Figures
2.2.2=-5 to 2.2,2-8. It was observed that thc spectrum levels at a specific
area ratio can be more accurately related if separate plots are made at each
velocity ratio, as demonstrated in the Figures. The goannu-ar flow spectra
peaks in the region of fy, = 0.2 (Vg/D) (Vcore/Vfan)

Directivity Indices

The polar directional characteristics of the nocise from the jets are
obtained for each configuration in Figures 2.2.2-9 tc 2.2.2-12 where the
difference in the sound pressure measured in the far field and the space-
average scund pressure level is termed DIg. For the conical baseline nozzle
the directivity of a given acoustic frequency is a function of the jet diameter
iné jec velocity; however, for the coannular nozzles the directivities are
related to the modified Strouhal number (£p/Vp) (Vfan/Vcore) 1/2, No appre-
ciable difference was observed with =gpect to velocity ratio.

2,2.3 Application of Predictiua Procedure

Upon completion of all the necessary correlations, the procedure was
transformed into a computer program. The information flow for the program is
outlined in Figure 2.2.3-1. This procedure is mathematically modeled utilizing
the various functions which are calculated from the input parameters shown in
Figure 2.2.3-2.
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5 INPUT
‘ AERODYNAMIC PARAMETERS ]
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—— - ._.,__.._.....T.,..._.. ———ad i

F CALCULATE
CORRELATION PARAMETERS

READ
CONICAL NOZZL:k OAPWL

} READ
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READ
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FIGURE 2,2.3-1 INFORMATION FLOW ‘
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Gomputat funs were made with the prediction model to illustrate the model
characteristics., An initial comparison was made with the overall power levels
derived in Reference 2.2.1-5 from an anechoic chamber. Figure 2.2,.3-3 illus-
tratus the comparison between the normalized overall power level used in the
prediction and values independently determined by researchers at NGTE and
SNECMA. The agreement is good at values corresponding co velocities between
600 ft/sec (183 m/sec) and 1800 ft/sec (548 w/sec).

Power level spectral comparisons were made with the anechoic chamber data
reported in Reference 2.2.1-3. The results are shown in Figures 2.2.3-4 to
2.2.3-6. At the low and high area ratios the present prediction underestimates
the levels in the mid and high frequency ranges, whereas at an area ratio of 5
there is an overprediction at all frequencies of approximately 3 to 4 dB. The
directivity characteristics of the same configurations are shown in Figures
2,2.3-7 to 2.2.3-9, Although absolute levels between predicted and anechoic

results differ, angle of peak noise and OASPL trends are in reasonable agreemeat.

The purpose uvf the jet noise prediction model is to allow the estimation
uf full=scale engine noise levels and to perform parametric studies to
facilitate the selection of low noise performance cycles. On this basis a
comparison between measured engine noise levels and predictions was pertformed
to evaluate the trends in the predictions. A comparison was first made with
noise levels of a model nozzle configuration geometrically identical to a
large high bypass ratio engine; the model data were scaled to represent the
full-scale engine. The results are shown in Figures 2.2.3-10 and 2.2,3~11]
for low power and high power settings. The overprediction of the results at
this area ratio is similar to the comparison with the anechoic chamber data
(Figure 2.2.3-5).

A comparison between actual engine static data is shown in Figures
202.3-12 to 2.2.3-15. The predicted PWL spectra in Figure 2.2.3~12 is
within 3 dB of measured values if giound reflection and absorption present in
the measurements are smoothed out. The directional characteristics of
predicted jet noise generally are higher than the measured data except for
angles close to the jet axis (Figure 2.2.3-13). The SPL spectral comparisons
at polar angles of 120° and 150° are shown in Figures 2.2.3-14 and 2,2.3-15.
The predicted spectral shapes agree with the measurements if ground reflections
are corrected. Generally, predicted levels are 3 dB higher at the peak fre-
quency.

Comparisuns were also made with highly suppressed engines. In Figure
2.2.3-16 measured static data from QEP Engine "C" appear to be approximately
3 dB lower after ground reflection effects have been removed. This engine
contained turbine noise treatment as well as fan noise treatment. In Figure
2.2.3-17 the fully suppressed TF34 engine included core noise treatment. The
predicted jet noise SPL spectral are approximately 3 dB below the measured
data.

Thus, the differences between the prediction and other model data and

engine data vary. Some of the difference is probably attributable to
measuring field differences and other noise sources (particularly in engines).
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It appears then that the prediction given here is accurate to within +3 dB
across the spectrum. -

, 2.2.4 Prediction of Suppressor Effects

The acoustic tests conducted on several c.ie suppresscr configurations
with dual flow operation showed that a multilobe design was the most promising
suppressor configuration. A low area ratio (annulus area/flow area) nozzle
was required to avoid the creation of an additional noise source as the fan
tlow passed over the lobes (see Volume IT, Section 2.4). A suppressed predic-

i tion technique for dual flow jet noise is presented which provides incremental
3 suppression from a baseline level,

ToooaTErRT e v

In order to compare the suppressor characteristics with those of coplanar/
coannular systems, the 18 capped lobe core suppressor was acoustically evalu-
ated at a constant core jet velocity of 1600 ft/sec (488 m/sec) and with :
velocity ratios (Vfan/vcore) of 0'65) 0'58 and 0'48' *

A lno Figure 2.2.4-1 the OASPL directivities demonstrate the overall inter-

iiction effect of the secondary flow. The mechanism causes a reduction in '
- noise as the velocity ratio is reduced. Spectrally, the fan interaction
§ cffect with respect to the suppressed primary flow nozzle only is shown in ]
' Figure 2.2.4-2 for the peak angle. For primary flow only, the 18 capped lobe
core suppressor successfully reduced low frequency noise but transferred the
cnergy into the frequency band above 315 Hz. For dual flow operation, the

v effect was to substantially reduce the high frequency noise at the expense of H
3 increasing the low frequency content. The low frequency noise decrcased,

: however, with decreasing velocity ratio. This demonstrates that the dasign
E was successful in allowing the low velocity fan flow to mix with an increased

i core jet periphery and reduce the turbulence intensity in the shear layer g

between them.

The secondary flow would be expected to reduce the high frequencies in i
preference to the low frequencies because the high frequency acoustic sources 1
ire located in the initial mixing region of the primary jet where the effect .
of the secondury flow is greatest. Lower frequencies, on the other hand, are
bFroduced downstream where the secondary flow has less effect. The mixing .
action of the 18-lobe core suppressor has already generated a spectrum which z
uas dominant high frequency characteristics and a reduced potential core
length. The interaction effect of the secondary flow thus enhances this
system,

The acoustic relationships for the baseline (1) nozzle and the 18 capped
lobe configuration are shown in Table 2,2.4-1. The value AOAPWL is the
difference between the dual flow OAPWL and the single jet OAPWL. This same l
parameter was determined and used in the prediction procedure derived from "
tests on unsuppressed coplanar, coannular nozzles. The area ratio (Afan/ si
Acore) ur both configurations is 3. The determined values are shown in
Figure 2.2.4-3, The baseline data comply with the broken curve representing
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LOW VELOCITY JET NOISE SUPPRESSION
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the logarithmic sum ol the two noise contributors. The suppressor data are
shown as the difference in power levels of a coannular system with suppressed
core and the suppressed core alone.

The noise reduction provided by the 18-lobe suppressor could be referred
to either Baseline I or Baseline II as the two configurations were very similar.
While the spectra and tie levels associated with the two baselines were similar,
there was sufficient difference in the mid frequency range, particularly for
the aft angles, to result in perceptibly higher PNL reduction using Baseline
Il. However, if a conservative estimate is required, it is suggested that the
LSPL's resulting from a Baseline I comparison be used.

The prediction technique is applicable to static jet noise only, since
inflight effects have not been established for dual flow systems. The empiri-
caliy determined suppression values are considered valid for coaxial configu-
rations of area ratios (Afyn/Acore) between 2 and 4. The SPL differences
between unsuppressed and suppressed coaxial systems are tabulated in Appendix
B (lor both baseline nozzles) in lieu of further refinements which can only be
wade Tollowing a more extensive study of this successful technique. These
data applies for a core velocity of 1600 ft/sec (488 m/sec), but the values
;an be extrapolated to lower core jet velocities by means of the plot presented
in Figure 2.3.2-1,where the peak OASPL of the baseline and suppressed configu-
rations is compared for core jet velocities down to 800 ft/sec (244m/sec).

A flow chart of the suppression method is cutlined in Figure 2.2.4-4.
Tav unsuppressed noise levels of the coannular configuration should be obtained
at a 320 ft (97.5 m) arc before the corrections are applied at the appropriate
velocity rativ and core velocity. The suppressed values may now be extrap-
vlated to the required sideline distance, as shown in the examples of Figures
2.2.4-5 and 2.2.4-6, where suppressed single and dual flow perceived noise
levels are presented relative to the acoustic angle at a measurement location
of 1500 ft (458 m) sideline.

2,209 Conclusions

& reccdure te evaluate the acoustic effect due to the interactiun between
: ccre and tan streams was developed and applied to predict coannular flow
vt neise Ior configurations of area ratios (Agan/Acore) from 2 to 8 and
cedocity ratios (Vign/Veore) from 0.6 to 1.0,

The predicted coannular flow SPL's are within 3 dB of actual measured
cngine data over the frequency range assoclated with jet noise. Some
differvnces may be attributed to a lack of conformity in the measurement
terrain causing Jdifferences in ground reflection effects. The structure of
the prediction technique was devised to enable direct correlation with
parallel analysis cefforts and also to enable computerization of the method
with the minimum o difficulty.
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Area Ratlo of Coaxial System £ to 4

'/

Velocity Ratio Range ——2f& ™ +45 to .75 1
Vean

Use Coannular Jet Prediction Model To i

Calculate Unsuppressed SPL's at a 320 ft
(97.5 m) ARC. Figures 2.2,2,3-6,9,10

o e

Apply Empirically Determined Corrections
To Obtain Suppressed SPL's, Appendix "B"

| i

Extrapolate to Required Arc or 8ideline
Location to Obtain Static SPL's

.

Figure 2.2.4-4 Suppressed Coannular Jet Procedure.
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A simplified technique was developed to account for the case where the
coannular jet noise was suppressed by means of a multilobe daigy-type noszle.
Further parametric studies are required if the prediction for suppressed
nozzles {s to become more generalized.

2.3 SUMMARY - FLOW CHARTS

g; 2.3.1 Summary - Unsuppressed Coannular Prediction.

The prediction procedure is valid for coannular nozzle configurations
of area ratios (Afan/Acore) between 2 and 8, operating at velocity ratios
(Vfan/Vcore) between 0.6 and 1.0,

The method provides a complete coaxial jet noise spectrum at each far-
field location.

A fiow chart for the implementation of a typical calcul..ion is shown in
Figure 2.2.3-1.

From a knowledge of the core and fan aerodynamic parameters described

in Figure 2.2.3-2 a typical calculation would proceed in steps outlined in
Figure 2.2.1-1.

>
]

For example, the following formulae are used in Step 1:

! y-1
; P \
| ’ - 39.65 _Tcore ' (2.3.1-1)
. ‘ core TTCOI‘e PO
i o .
core _ core (2.3,1-2)
s . 076475
_ isa
Yeore . _core (2.3.1-3)
C.. 116.89

The density exponent uw, is obtained from the relationship shown in
Figure 2.2.2-2 and the normalization factor for the power level of the core
nozzle is thus calculated:

P
OAPWL normalizer = 10 log10 Acore (_ﬁgsg) (2.3.1-4)
o
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There is now sutficient intformation to enter Figure 2.2.2-3 and calculate
f the VAPWL ot the core nozzle alone.

The sevoad power level of the required coannular nozzle system is
determined in Step 2 by entering Figure 2.2.2-4 with a prior knowledge of
velocity ratio (Vygn/Veore) and ar-a ratio (Afan/Acpre). The relationship
supplies a correction (AOAPWL) which is added to the overall power level of

r the core nozzle.

Processing to Step 3, the power level spectral characteristics can be
determined by referrirng to Figures 2.2.2-6 to 2.2,2-9. The fuormulae used are
as follows:

1/2
b= [4 fgpre + Afan ] (2.3,1-5)
m
Vg = (VCOE}'- wtvofe + Vfaﬂ.-wfan) (2.3,1-6)

+ W
core fan

Modified Strouhal Number (Dimensiunless Frequency) = (L*D/Vp) (Vian/Veore; 12

- . 172

) I , = ?
The PWL spectra normalizer = 10 loglo [(Vm/D) (\core fan ]
The powar level spectrum PWLf is obtained from the curves over the

frequancey range of interest, wherce PWLf = PWLpgnd - 10 loglo af).

For 1/3 octave band width Af = 23%Z, and the PWLhand at cach center
frequency can be determined.

The conversion {rom sound power level to space-average mean square round
nressurce level detcrmined over a three/fourths sphere o! area 3mR¢ (where
R = 2500 %) surrounding the source is given by,

3t =

L = PWL
space average band

o

- 20 10g10 R - 9,25 (2.35.1-7)

"

PWL - 57.2. (2.74,1-8)

thus, DPLspnce average band

The directivity of the sound source is considered by progressing to Step 4.
kxperimentally determined directivity indexes which are related to the dimension-
less frequency for specific area ratios arc presented in Figures 2.2.2-11 to
2.2,2-14.

e e M,

The determination of DI, enables the sound pressure level measurcd at
250 1t and angle »° from the noise source to be calculated since,
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SPLy = SPL + Dlg (2.3,1-9)

space average

Thus, SPLe - PwLband - 57.2 + Dlg (2.3.1-10)

at 250 ft (76.2m) arc

¥ 59° F (15° C), 70% RH

The above relationship is for the ideal case; for the actual case atmo-
spheric absorption (a) and extra ground attenuation (EGA) corrections must be
applied (subtracted from PWL).

o et

Finally, in Step 5, the farfield noise spectra at any acoustic angle for
any arc or sideline may be obtained by utilizing standard acoustic extrapola-
tion techniques.

2.3.2 Summary - Suppressed Coannular Prediction

The suppressed prediction procedure is valid for coannular nozzle config-
urations of area ratios (Agan/Acore) between 2 and 4, operating at velocity
ratios (Vgan/Veore) from 0.45 to 0.6.

A table of suppression values is used based on a core velocity of
1600 ft/sec (488 m/sec). Values at core velocities down to 800 ft/sec
(244 m/sec) are extrapolated by means of a relationship between the OASPL's
of the baseline and suppressed configurations over the velocity range.

The procedure follows the flow chart outlined in Figure 2.2.4-4.

The first step is to obtain an unsuppressed noise level for the coannular
configuration. The unsuppressed SPL's are required on a 320 ft (97.5 m) arc.

The second step is to determine the correct table of suppression values - }
to use from Appendix B. This is done by matching velocity ratio requirements
48 closely as possible with those provided.

Step 3 is to extrapolate the suppression values in the Appendix B tables
{valid for Viore = 1600 ft/sec (488 m/sec)] to values applicable to the core
jet velocity in question. For example, in Figure 2.3.2-1 the OASPL suppression
obtained at Veore = 1600 ft/sec was 7 dB, and the suppression for Vcore ™= E
1200 ft/sec was 4 dB. Thus, the values given in the tables should be adjusted
by a factor of 4/7.

YTy

The tinal step in the suppression process is to use standard acoustic ;
extrapolation techniques to produce a farfield suppressed spectrum. :

13
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Appendix B provides tables based on both Baselines (I and I1). It is ,
suggusted that Baseline I estimates (Tables B-1 and -2) be us:d if conserva-

tive values are desired. Table B-3 provides the suppression indicated by a
Baseline II comparison.

R R

o,

51

B M T e .

[ I

SR

a e et

oo




ST S S S USE ee £ ST - i

! References

; 2.2.1-1 Olsen, W. and Friedman, R.; "Jet Noise from Co-axial Nozzles over
f a Wide Range of Geometric and Filow Parameters,'" NASA TM-X-71503,
February 1974, Lewis Research Center, Cleveland, Ohio 44135.

1 2.2.1-2  Bielak, G.W.; "Coaxial Flow Jet Noise, DGE-10041-1, 1972, Boeing/
‘ Acritalia Company, Seattle, Washington.

2.2,1-3 Eldred, K.; "Far Field Noise Generation by CToaxial Flow Jet
Exhausts. Volume I: Detailed Discussion,'" FAA-RD-71-101-Volume I,
1971, Wyle Laboratories, Inc., El Segundo, California.

2,2,1-4 Williams, T.J., Ali, M.R.M., and Anderson, J.S.; '"'Nuise and Flow
g Characteristics of Coaxial Jets," Journal of Mechanical Engineering
- Science, Volume II, do. 2, April 1969, pp. 133-142.

2.2.1-5 Hoch, R.G., DuPonchel, J.P., Cocking, J.J., and Bryce, W.D.;
"Studies of the Influence of Density on Jet Noige,'" presented at
the First International Symposium on Air Breathing Engines,
Marseille, 19-23 June 1972.

oo

52

1
\l
; L oAy g
PN SVORIPOUPRE V-




B e TR B . R

SECTION 3.0

COMBUSTOR NOISE PREDICTION

3.1 INTRODUCTION

Combustion noise 1is attributed to mass density and momentum fluctuations
in the gas due to unsteady burning. It consists of a broadband noise arising
from a statistical distribution of monopole sources scattered throughout
the combustion reac:ion zone.

A mmber of experimental studies in component test rigs (References listed
in Volume 1I) have showr. that the level of noise generated depends on the air-
flow rate, fuel mass flow and the temperature rise resulting from the combus-
tion. These tests showed that the peak frequency was relatively constant
over a wide range of operating conditions. The peak frequency was also found
to fall within a narrow low frequency range for a variety of combustors. The

combustor (core) noise prediction technique was deveioped with these component
results as background.

3.2 POWER LEVEL CORRELATION

The level cf combustor noise from engines has been found to correlate
with the total flow rate, the fuel mass flux and the density at the inlet to
the combustor. Based on Knott's work (Reference 3.2-1) which showed the
combustion thermoacoustic efficiency depended on the fuel mass flux (Figure
3.2-1), Motsinger (Reference 3.2-2) determined that the thermoacoustic effi-
ciency was dependent on the air temperature rise and, based on measured pressure
fluctuations in a combustor on an engine (Figure 3.2-2), postulated that the
noise level should be dependent upon the air density into the combustor. The
correlation, obtained with combustor noise from a T64 turboshaft engine, is shown
in Figure 3.2-2 The combustor noise power level has been found to correlate
with the followinyg parameter:

20 log, g [/; (T, - T3)(p3/oo)] (3-1)

where, W - air weight flow
T4 - exit temperature
T3 - inlet temperature
Py = inlet density
p - reference density

This parameter showed good agi:ement with the measured power level over a wide
range of engine epeeds.
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Data from many different engines were examined for combustor, jet and fan

noise. Three turbojet, two turboshaft and two turbofan <ngines had what is

believed to be combustor noise in their spectra. These low frequency levels
, cannot be attributed to either jet or fan noise. Engine overall power levels
' were calculated by fitting the T64 engine spectrum to each of the engine
power level spectra. The T64 spectrum shape was chosen because it closely
agrees with the combuetor component data shapes. The overall power level is
6.8 dB above the peak 1/3 octave band power level for this spectrum, and the
combustor overall power level therefore was determined by adding 6.8 to the
maximum low frequency (<1000 Hz) 1/3 octave band power spectrum peak for each
engine. Data from the seven engines are shown correlated in Figure 3.2-4.
‘the power levels fall into three classes. For the same prediction parameters
the turbojets had the highest combustor noise levels; the turbofans had the
lowest levels; and the turboshaft engines made up a class in between thie two.
This indicates that different comstants are necessary for the prediction
depending on the engine type. The overall power level is defined as:

OAPWL = 20 log10 [«6‘(T4 - T3)(p3/po)] + K (3-2)

where the constant K is,

K = 64 turbojet
K = 56 turboshaft
K = 48 turbofan

3.3 SPECTRUM SHAPE

Data from turbojet, turboshaft and turbofan engines were compared in the
low frequency range. The spectra were corrected for ground effects and were
found to have similar shapes (Figure 3.3-1). The turboshaft engine spectra
are believed to be due almost enitirely to combustor noise because the jet
noise associated with the low exhaust velocities is not a factor. The spectra
fall within an ¢nvelope which is defined by the SAE flight spectrum for jet
noise. This envelope was found to fit the data best when peaked at 400 Hz
plus or minus a 1/3 octave band.

The normalized spectrum shapes on a 1/3 octave band basis for turbojet
and turbofan low speeds can be seen in Figure 3.3-2. Typical spectra fall
under the same spectrum envelope peaked at 400 Hz as the turboshaft data. The
peak frequency shown at 400 Hz could be plus or minus a 1/3 octave band due to
the broad peak.

The spectra obtained from the combustor component tests were not as broad
as the SAE jet noise envelope. However, the T64 spectrum closely approximates
the spectrum from combustor component tests, and it is believed to be an
accurate representation of the combustor noise spectrum. The broader spectra
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obtained from the other engine data are believed to be a consequence of flow
noise in these enjines. Use of the spectrum envelope shown in Figure 3,3-2
(301id line) to define the predicted power level spectrum will give a more
conservative prediction than using the T64.

o ——

Data were examined from four eangines, TF34, T64, J85, and GE4, identified
as having combustor noise present at the lower power settings. The combustor .
noilse radiation directivity pattern is shown in Figure 3.4-1, An average
line is drawn through the data where two 1/3 octave bands on either side of
the center frequency were used to define the average value at each angle. The
peak SPL occurs at 120° from the inlet., The peak directivity is 5 dB abovs
the spaced-average level. This directivity pattern is similar to the one seen
in the component tests in Volume I!I of this report. The component CF6 and an
advanced technology combustor directivities plotted in the Figure also fall
within a narrow scatter band.

Typical low power setting high bypass turbofan engine spectra canm be seen
in Figures 3.5-1 and 3.5-2 for Quiet Engines "A" and "C'". Figure 3.5-1 shows
the fan alone spectrum (run at the NASA-Lewis Full-Scale Fan Acoustic Test
Facility) as a dashed line, and che engine spectrum (run at the GE engine
acoustic test facility) as a solid line, for hoth the frame treated and fully
suppressed configurations. Figure 3.5-2 shows the same information ftor fan
C except that the frame treated data are not available for the engine. The jet
noise spectra are predicted by the method presented in Section 2, through the
lowest frequencies of the data, In Figure 3.5-2, the fan and jet noise domi-
nate the entire Engine "C" low frequency spectrum. However, in the Engine "A"
spectrum there is a shaded region that cannot be identified as either jet or
fan noise. This is suspected to be combustor nnise because the noise level
calculated by subtracting the fan and jet contrihution in that frequency range
agrees well with the correlation for turbofan engines shown on Figure 3.2-4,
The combustor noise level for Engine "C" 18 not as easily identified in this
frequency range due to the higher fan noise levels.

The overall power levels used in Figure 3.2-4 were computed as follows:
1) A typical TF34 spectrum is shown in Figure 3.5-3 as the circled data;
2) Correcting ror ground effects by removal of the nulls and reinforcements
results in the smooth spectrum shown by the solid line; and 3) The combustor
noise spectrum {rom the T64 is fitted in (dashed line in the Figure) and the
overall power level calculated.

3.6 SUMMARY - FLOW CHART

The prediction of combustor (core) noise is made by first calculating the
overall power level from engine cycle data using Equation (3.2-1). The constant,
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K, i3 sclectoed based on the type of engine as discussed in Section 3.2. The
powcer spectrum is then determined by superimposing the T64 spectrum. Here the
peak trogquency is placed at 400 Hz and the power level for this 1/3 octave
biand ubtained by subtracting 6.8 dB from the OAPWL (a more conservative esti-
mate will result if the spectrum envelope shown in Figure 3.3-2 is used
instead of the T-64, with the same peak frequency of' 4U0 Hz and the same peak
. PWL as above). From the 1/3 octave band power levels, a space-averaged sound
: pressure level is calculated for any arc of interest. The average value of
? directivity index (Figure 3.4-1) is then added to the space-averaged sound
pressure level in order to arrive at a calculated value for the farfield sound
pressure level. These levels must then be adjusted for air attenuation and
ground effects for the given arc radius to arrive at the corrected farfield
sound pressure levels.

A flow chart for implementing this prediction procedure is provided in
Figure 3.6-1,

. !
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SECTION 4.0

TURBINE NOISE

4.1 BACKGROUND

A reliable turbine noise prediction procedure is necessary for the new
generation of high bypass ratio engines where turbine noise is as high as fan
noise at low power settings. The turbine noise levels must be known with a
reasonable accuracy in the design stage so that acoustic treatment may be
incorporated in the core nozzle when necessary in order to meet noise
standards, The individual noise contribution of each core engine component
must be predictable if overall noise levels are to be reduced on existing
engines., A prediction method capable of assessing the effect of the design
variables (solidity, blade and vane numbers, blade row spacing, and the work
split between the stages) on the turbine noise generation would be valuable
when designing a new turbine or when modifying the design of an existing one.

A single prediction method cannot meet all the above requirements. The
need exists for a prediction method which can be exercised with gross overall
parameters such as are available at the engine design stage. The need also
exists for a method to predict the effect of internal configuration variations.
The above requirements led to the development of three prediction methods:

(A) A Preliminary Design Method based on turbine parameters which are
known early in the design stage. The prediction yields tlie PNL at
maximum angle.

(B) A Comprehensive Method which uses the most pertinent noise genera-
tion parameters and is convenient to utilize. The output provides )
the complete high frequency turbine noise spectrum. . i

(C) A method which allows evaluation of the effects of aeromechanical
configuration variations on the noise generation.

The analytical prediction technique described in Section 4.4 of Volume
IT for discrete frequency noise serves this requirement. The complexity of
the noise generation mechanisms requires the first two correlations to be
semiempirical,

Smith and Bushell (Reference 4.1-1) investigated turbine noise from two
low bypass turbofan engines and the noilse generated by a cold flow air turbine
rig run as a single-stage and then as a two-stage machine. They developed a
first approximation to a turbine noise prediction method based on these data.
Separate correlations were derived for the broadiuand (''vortex') and discrete
frequency components. Directivities for the noise from the engine tests were !
also shown, The correlations were based on earlier compressor noise correla- i
tions (Reference 4.1-2). Noise was assumed to be due to fluctuating lift o
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trroen on the blades resulting from iateraction with viccons wakeo and flow
turbulence, These two Interactions were h/pothesized to be responsible tor
discrete frequencv and broadband noise generatlon, respectively., The fluctua-
ting lift results in dipole noise radiation and therefore (from Lighthill's
theorv of acrodynamic sound) the acoustic power level (PWL) would theoreti-
cally digplav a sixth power dependence nn the relative velocity (Vpe1). If
the MWL is normalized by the mass flow (size correction), the dependence
drops to Vsrel' Other paramreters cousidered importart were the fluid
density, turbulence intensity, blade incidence, blade row solidity, axial
spacing between blade rows, the convection velocitv ard the number of stages.

o

‘he desired end result was a correlation which included all of the above
narameters, but the authors (Reference 4.1-2) made an initial correlation for
hroadband neise cousfdering only the density effect and number of stapes.

The density correction was inserted to account for the ditfereus stream tem—
rerature between the model and engine tests. A bhlade row spacing corvection
was also used for the discrete frequency noise correlation. The broadband
noise data were found to collapse reasonally well, and the correlating line
could be expressed as:

. s 1116
SPL, = 28,5 lo v ) + 10 log W+ 30 log , ===+ kK o, =2
max B10 “Yrel’max B10 510 ¥ i)
where SPLqu = SPL at the maximum angle (%00' S.L.) for the bhand contaluung
¢ the BPF, dB re 0.0002 d/cm<.
~_ ) = maximum relative velocity at inlet to the final stage sotor,
Yol max A -
_ ft/sec.
k .
v = weivht flow, ‘brsec. 4
I3 . 13 i
¢ = mean acoustic velocitv, ft/sec.
1 , . . : .
- = constant, and includes the cffect of number of stages, .o,
0 log. ..
10 ~o;,m
ﬁ Caurher ol stages. :
f e eneine Jdirectivity was shown as a function of the speed., A spectrum
{ shace was provided with the noise peaking at the BPF, The spectrum shape was
assumee ‘. oo the same tor all anvles.
The correlating efforts for the discrete frequency noise were less
encourapine,  The tone p..ak SPL was normalized for the —eight {low and the
density as in the case o/ the brcuaupand noise, but the spacing correction
wis doubled.  This normalized SrL was »lotted apainst 10 loe (Vig)). The : ;
rosults are shown in Figure 4.1-1. There is cousiderable duta scatrer for

tae mode! results, rlus the engine data lie alonse the lower [ri.ge of the
moder points.  Vague treonds can bhe discerned which show larpe differences
between the rodel and engine data. The normalized tone S appears to vary
s 1N 1oy (Vrv]) for the englnes, as oprosed te 30 loz (vrel) for the model.
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The authors (Reference 4.1-2) caution that more work i{s necessarv to
resolve the differences between engine and component model results, and that
this "... must be preceded by a fuller understanding of the baslc mechanisms
of (noise) generation and radiation.”

Dunn and Peart (Reference 4.1-3) recently uapdated the Smith and Bushell
work with data from several turbofan engines, but data scatter problems were .
still encountered.

) ~The two papers discussed above (References 4.1-2 and 4.1-3) provide

valuable insight into the extent of the turbine noise generation problem, and -
demonstrate that the relative velocity is an important param«ter, The corre-~

lations presented are inadequate for present purposes, however, for the

reasons ocutlined below.

The studies were based on the assumption that the relative velocity at
the inlet to the rotor fully determined the noise generated, and that the
other parameters (solidity, curbu’ :nce, etc.) merely serve to normalize the
results, It is believed that the work extraction plays an essential role in
the noise generaticn in additlon to the relative velczitv as assumed In the
above studies. Consideration of the viscous wake interactinn mechanism shows
that the noise generated arises from fluctuations in the lift on the downstream
blade row. While the relative velocity provides a measure of the wake velocity
defect which is the cause of the fluctuating lift, the work extraction (or
enthalpy drop) determines the circulation on the blades. Prediction methods
must therefore include both a velocity and a work term.

The analvsis of Section 4.4, Volume 1I, includes consideration of both
effects and is shown to correctly predict the noise generation by various
turbines over a range of operating conditionc. The velocity plus work approach
is further validated by the correlation derived in Section 4.3, Volume 11, for
the discrete frequency noise from the last stage of a three-stage turbine rig.
The correlation is shown here in Figure 4.1-7 olong with available data for
the last stages of Ouiet Fngines "A" and "C". The data collapse is achieved
by using the stage ideal work extraction, nondimensionalized by the inlet
enthalpy (.T/T), as the correlating parameter and the blade tip speed as a
normal izer for the acoustic power level. A size correction is provided through
use of a 10 log {(exit area) factor.

. L& ,
Here J—]= 1 -|=—}| 7 (4.1=2
’ lT [PR] )

where Pp = total-to-stafric pressure ratio
and ratio of specific heats

An adjustment for blade row spacing was wmade in the Smith and Bushel work
through a 20 log (spacing/chord) term for the discrete frequency noise levels.
NData provided hv the turbine rig tests (Sections 4.2, 4.3 of Volume I1T),
however, indicate the compensation should be 3 dB per doubling, that is, 10 -
log (spacing/chord).
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The above authors (References 4.1-2 and 4.1-3) have also suggested adding
10 log (number of stages) to the noise levels to adjust for increased turbu-
lence levels due to each extra stage in multistage turbines. Their suggestion
is based on the observation that the data correlating lines for two, three
and four-stage turbines fall on roughly parallel but separate lines which
appear to he related by a 10 log N relationship (see Figure 4,1-31), The two-
stage points arc 10 to 15 dB higher than for the first stuge of the rig run
separately. This Ils attributed to the fact that in the single-stage confipura-
tion the flow supply to the rig was smooth and uninterrupted, while in the
two-stage configuration the last stage receives a flow made turbulent by the
upstream stage,

It is hypothesized that, once the flow has been "broken up" either by an
upstream stage or by the combustion process or high pressure turbine in an
engine, the turbulence attains a '"saturation” level and no further correction
is necessary for number of stages. This follows naturally from the assumption
that the overall work extraction 1s the prime determinant of the noise gener-
ated. Tncreasing the number of stages at constant turbine work should (and
has been been found to) decrease the noise generation because of the lower
work load imposed on each stage. The decrease in levels 1s such that it
cannot be compensated for by relative velocity considerations alone.

Turbine aerodynamic considerations show that if turbine work controls the
noise level, the use of the relative velocity on the abscissa results in the
delineation of the acoustic data from the two, three and four-stage machines.

The prediction method significantly underpredicts the measured engine
levels, as can be seen for Quiet Engine "C'" in Figures 4.1-4 and 4.1-5.
Figure 4,1-~4 provides a spectral comparison at 200 ft (60.1 m) sideline and
120° (2.1 rad) angle at approvach power setting. The discrepancy between
predicted and measured levels is about 10 dB. Figure 4,1-5 shows that a
similar problem exists for the peak OASPL over the entire operating range.
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+.) PREDICTTON METHODS FOR TURBINE NOISE LFEVFELS

401 Analvtical Prediction of Discrete Frequencvy Noise

The analvtical method of tinding turbine tone PWI, described in Section 4.4
of Volume Tl is suitable as Prediction Method (C). The model computes the
noise generated by viscous wakes from upatream blading impinging on a down-
stream blade row.

: A semiempirical viscous wake model was developed for turbine blading in
: Section 4.4 of Volume II:

; Y= 0045 [Zp (L/0) (x/0 4 0.2)11/2 (4.2.1-1)
we/V = 0,615 [£p (x/2)]Y/2 (4.2.1-2)
ﬁ'; = cos? .’.2'.% (4.2.1-3)

where: Y = wake half width

v = normal coordinate

. x = axial distance downstream of the chord midpoint

v = bhlade chord

E t = pitch of blades in the cascade - or blade row
} p = Ppressure loss coefficient
7 u = velocity defect in the wake
E u. = velocity defect at wake centerline
V = free stream velocity

The velocity defect in the wake results in the following unsteady cir-
culation {i") being generated at the downstream blades:

T Y

Tl ¢y ¥y 3:1 |c;m] | 3 (m wz)' |s(m w2)| (4.2.1-4)
where
2 2 1/2 :
J(m »2) = “0 (m ‘42) + Jl (m (02)! / !
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Jo, Jy are Bessel functions of zeroeth and first order and Ko, K; modified
Bessell functions.

Referring to Figure 4.2.1-1, the reduced frequency wy is given by:

cy U
W, *W—— — @
2 ¢y Vz 1

where c = gemichord, £/2
o = golidity = 2¢/t = &/t

the subscripts 1 and 2 refer to conditions at the upstream and downstream rows.
Gp 18 the coefficient of the unsteady upwash and is given by:

1/2 2
\ 4 sin 8 1 2 fo. 1
Gm = 1.391 = Vl- 1 Pl (l:—- exp |-mm (ﬁa-z- Epl 01 f—-
2 (x /c1 + 0.2)cos ay 1 1 1

where
c1 cl c, cos al ¢,

- 006

NI

(4-201-5)
a] = stagger angle of blades

8 = angle between stator and rotor blades

The center of pressure may normally be taken as the 1/4 chord point with-
out incurring much error. Hence, x2/Cy = 1/2 in Equation (4.2.1-5).

This unsteady disturbance, consisting of rotating line sources, is then
coupled into the duct acoustic modes (See Reference 5.2.1-1 for details):

p = E E pcznmAmn ein(e-wt) e '@ Rhn(xnmr) (4.2.1-6)
=1

n-ﬂ
where 1
M
Anu 41mR°cnn-f 1‘r(r)Rnll()‘run"’)d"'

h
and

n = number of circumferential modes (spinning lobes)
m = number of radial modes
M = npumber of rotating line sources
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p = pressure perturbation
» = density
¢ = acoustic velocity

(r, 0, Z2) = polar coordinate system
r and Z have been nondimensionalized using the tip radius, R.

h = nondimensionalized hub radius
F(r) = circulation around the blade row

]

! .
A = (3 A ® - 3,0 /Y O M (A 1)}

R
nm n"nw’’ n nm

Yn are Bessel functions of the second kind and nth order
( )' denotes a derivative with respect to the argument

Xnm = eigenvalues satisfying the boundary conditions at the hub and tip
1

- 2
N f arm(}‘mn r)dr (4.2.1-8)
h

= L 12 - .22 2 .2 2 2
2)‘2 [()‘mn “)an“nm) - o‘nmh - n)Rmn(Anm h)]
nm

The analysis includes the effect of the blade geometry and the turbine
aerodynamics and provides a useful investigative tool for determination »f
the effect of various aerodynamic and mechanical configuration changes on the
discrete frequency noise production. Further, by including the effects of
incidence, Mach number and Reynolds number in the pressure loss coefficient,
it is possible to predict the noise generation at off-design operating
conditions.

This prediction method was exercised for several different low pressure
turbines in Section 4.4 of Volume II, and good agreement was obtained with
measured values.

A cut-off effect 1s implicit in this analysis as modes associatad with
imaginary wave-numbers will not propagete.

4,2.2 Correlations for low Pressure Turbine Noise

Turbine noise was discernible for several turbofan engines. The cleanest
acoustic data were obtained for the TF34 and Quiet Engine "C" in their fully
suppressed fan configurations, Useable data from the CFé6 were also available
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. determined from farfield data, as contrasted to the PWL. A simple correction ;

i D L Rt e s A e

vor a limited number of low power settings. At higher power settings, fan and
jet noise were found to overshadow turbine noise, The acoustic data from

the tullv suppressed configuration of Quiet Engine "A" could be used to
qualitatively check the results derived, but was too contaminated by the

high broadband noise floors (due to the fan and/or the jets) to provide
reliable turbine noise estimates. The Engine "A" data could only be used with
confidence in conjunction with the directional array (R:ference 4.2.2-1).

The directional array data were applied to determine a directivity for turbine
discrete frequency noise (Sectien 4.3).

The turbine noise levels were extracted from the farfield data by com-
parison of two configurations which differed only in that one had a hardwall
core and the other had acoustic treatment in the core nozzle designed to
suppress the high frequency turbine noise. The core nozzle treatment as
shown in Figure 4.2.2-1 for the TF34 and in Figure 4.2.2-2 for Quiet Engines
"A" and '"C". Representative spectra for the TF34 and Quiet Engine ''C'" are
presented in Figures 4.2,2-3 and -4, respectively, for both hardwall and
treated core nozzles. The turbine noise levels were determined by logarithmic
subtraction of the two spectra. This procedure underestimates turbine noise
levels when noise floors from other components dominate, as was true for Quiet
Engine "A".

The ideal correlation would be in terms of the acoustic power level (PWL),
The maximum angle (120° from inlet) sound pressure levels (SPL) are very
convenient representations, however, since thev are easily and accurately

factor also provides the perceived noise level (PNL). If the directivity
remains relatively unchanged, the maximum angle SPL's are as good as the PWL
in any case, except for a constaat.

Figure 4.2.2-5 shows a correlation derived using the turbine ideal work
extraction normalized by the inlet enthalpy (AT/T), as the correlating para-
meter., The peak angle overall sound pressure level (OASPL) has been normalized
using 10 log (exit area) for the size and 20 log (tip speed), as indicated by
the results of the three-stage low nressure turbine (HLMSFT) tests, Section
4,3 of Volume II. The correlating line may be expressed as:

A .
PEAK OASPL = 40 log10 ({%) ~ 20 loglo UT + 10 log10 A + 164
turbine (4.2.2-1)

where PEAK OASPL = overall sound pressure level @120° and 200 ft (60.96 m)
sideline, dB re 0.0002 d/cm? (corrected to standard day)

y=1
¥
R

AT 1
turbine

PR = turbine total-to-static pressure ratio, PTo/PSZ

Ur = blade tip speed of last stage, ft/sec i
A = core nozzle exit area, ft ?
y = ratio of specific heats ~ 1.4
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The data scatter vould be reduced if air attenuation and FGA effects were
ipcluded. The correlation uses data from Quiet Engine "C", the TF34 and the
(F6. Quiet Enpgine "A" points have been omitted for the reason explained above,
but fall a little below the correlating line as expected, The correlation
satisfies the Prediction Method (A) requirement to provide quick, approximate
predictions for turbine noise based on gross parameters available in the
early stages of design.

The PNL is a function ¢f the dominant tone location as the spectrum peaks
at the tone frequency. Normally, the last or second-last stage will provide
the dominant BPF, depending on the work split. The last stage appears to
become dominant when the work split ratio (second-last stage/last stage) falls
below 1.9, although this was not strictly true for Quiet Fngire "C".

Once the dominant stage has been determined, the tone frequency can be
computed and the OASPL converted to PNL by means of the adder (&) from Figure
4,2,2-6:

PNL - OASPL + 6 (‘1.2.2-2)

Figure 4.2.2-6 was generated by shifting a typical turbine noise spectrum
peak (See Figure 4.2.2-4) into different one-third octave bands and computing
the PNL for each location.

The above correlation includes both discrete frequency and broadband noise.
Figure 4.2.2-7 providws a correlation for the one-third octave band containing
the dominant stage BPF, again as a function of the turbine pressure ratio:

AT
PEAK SPL = 40 log - - 20 log10 UT + 10 log10 A + 165
10\ T
turbine (4.2.2-3)

where PEAK SPL = SPL of one-third octave band containing BPF @ 120° and 200 rt
(60.96 m) sideline, The SPL does not include air of extra
ground attenuation as these are strong functions of the tone
frequency.

The most accurate representation of the noise generation results from
consideration of each stage individually. The investigation of tha three-
stage turbine (HLMSFT) clearly indicated the importance of the stage pressure
ratio and the blade tip speed in determining the discrete frequency noise
generation by any stage (Sec Figure 4,1-2). The paper by Smith and Bushell
(Reference 4.1-1) also shows the importance of the blade relative velocity in
the broadband noise generation. Only two of the above three parameters (stage
pressure ratio, blade tip speed and blade relative velocity), however, can be
exercised independently at any time for constant mass flow. Figures 4.2.2-8
and -9 present correlations for the "composite" (broadband and discrete
frequency) noise and turbine tone levels, respectively, using the above
parameters for an individual stage. The "composite” noise correlation
includes data from the TF34 and Quiet Engine '"C", and the tone correslation
also includes CF6 data.
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The -elationships in Figures 4.2.2-8 and -9 can bhe expressed as:

PEAK OASPL = 8.75 log, . (X + 20 log, J-E21) + 10 1og,, A +102.9
10\ T, ape 10\ ¢ 10

(4.2.2-4)
PEAK SPL = 20 10310 (%)’ - 20 10310 (UT) + 10 10310 A 4+ 161.5 (4.2.2-5)
tage

where

PEAK OASPL = combined broadband and discrete frequency OASPL @ 120° and
200 ft (60,96 m) sideline in dB re 0.0002 d/cm2 (stand-
ard day)

PEAK SPL = tone SPL @ 120° and 200 ft (60.96 m) sideline, without air
attenuation and EGA, in dB re 0.0002 d/cm?

-1
Y
AT al - 1 (4.2.2-6)
T tage PR
stag stg
PRstg = dominant stage total-to-total pressure ratio
Vier ™ tip blade relative velocity at inlet to the rotor, ft/sec
U = blade tip speed of dominant stage, ft/sec
C = mean acoustic velocity ft/sec
A = turbine exit area, ft2
Y = ratio of specific heats, V1.4

It is interesting to observe that Equation (4.2.2-5) predicts the SPL
accurately for both last and second-last stage tones, despite the blade row
attenuatior suffered by the second-last stage tones as they pass through the
last stage. This may be a consequence of the fact that (1) the discrete
frequency noise from the second-to--last stage consists of two blade row inter-
actions, while the last stage tone is produced by only one such interaction
and (2) the spacing-to-chord ratios for the second-to-last stage are much
smaller than those for the last stage., The effects are apparently offsetcing.

The effect of pressure ratio and velocity cannot be separated from engine
data since the turbine is tied into an engine operating line and the para-
meters cannot be varied independently. It is found that the pressure ratio,
blade relative velocity, thrust and other relevant parameters track with the
engine speed (rpm), and the acoustic data can at times be correlated employing
a single parameter. For example, the peak OASPL from the TF34 and Quiet Engine
"C" can be collupsed using the blede tip relative velocity (Vrel) as the
correlating parameter along with the area to normalize for size (Figure
4.2.2-10). However, the CF6 data are 7 to 8 dB above the c-rrelating line
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=0 vbtained, indicating the need for a second independent parameter (pressure
ratie).

—— T ———

n all ot the above correlations, the ¢xit area has been used to normalize
tor slze, It fs common to apply the welght flow as the size correction., This
serves the same purpose as the area corrclation, but it alse introduces velocity
L and density effects which confuse the correlations.

L 4.3 TURBINE NOISE SPECTRUM

The study presented herein is for the peak angle along a 150 ft (30.48 m)
arc, but may be exercised to define the spectrum at any other angle. The
! problem of a turbine noise spectrum was investigated using acoustic data from
the TF34, CFA and Quiet Engine "C". Ysing the 150 ft (30.4 m) arc data, it
was found that the peak angle (120°) spectrum could be used without introducing
too much ervor at other angles along the arc. A different spectrum would have
to be defined for each angle if sideline data were to be employed because of
; alr attenuation effects.

& The turbine noise spectrum was extr-~cted by lcgarithmic subtraction of
the SPL's for two configurations which were identical except for acoustic
treatment versus hardwalls in the core nozzle., This procedure results in
sharp breaks in the extracted spectrum when the treated configuration icvels
either excced or become equal to the hardwall configuration levels because of
other noise sources (jet or core at the low frequency end) as a result of data
scatter, or as the limits of the treatment effectiveness are reached.

T

Typical spectra at approach and take~off power settings are shown for
Ouiet Engine '"C" in Figure 4.3-1. The noise peaks at the tone frequeucy (BPF)
and falls off to either side with a distinctive spike at the BPF,

e A broadband noise spectrum was derived by removal of the tone spike and
: fairing over the spectrum. The spectra were then plotted as the SPL falloff
from the peak (BPF) level agaiust the one-~third octave hand center frequency
(fg) nurmalized by the JPF (f*= £ /BPF). It was found that for f*<1 all the
spectr . collapsed together fairly well, However, for f*>1 the SPL fall off
increased with the power setting. Hence, two separate spectra were defired,
one cach for approach and take~off power settings, based on the data showr in
Figures 4.3-2 and =3, The two derived spectra are compared in Figure 4.3-4,

The only reliable spectra for the higher (take~off) power settings were
obtained from Engine "C". A high broadband floor masked the CF6 spectrum, and .
the tones went well above 10 kHz for the TF34, resulting in very large air |
attenuations, The data used in the spectral analysis presented above were
for BPF's in the 4 to 10 kHz one-third octave bands.

4.4 TURRINT “ISE NIRECTIVLTY

The high bhroadband noise floors preclude the use of CFé and Nuiet Eagine 1
"A" data in formulating the directivity., However, these data can and were '
used to check the directivities derived with TF34 and Quiet Engine ''C" data. !

e e st i
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separate directivities were required for the "compocite' noise (0OASPL) and
discrete frequency noise prediction. The directivity was defined for an arc
in each case,

To determine the directivity for the turbine noise 0OASPL, the .evels for
a hardwall core nozzle configuration were normalized with respect to the peak
angle OASPL and plotted as shown in Figure 4.4~1 for Quiet Engine "C". Data
are presented for 50, 60, 70 and 807 design fan speeds (Nf), where turbine
noise dominates the aft angles. The Figure shows the turbine noise to peak at
120° and to be discernible from 90° to 160° at the lower power settings (50
and 607 Nf). As the speed is increased, refraction theory would predict a
shift of the peak from 120° towards 110°. Unfortunately, data were not
recorded hetween 110 and 120°, only at the two discrete locations, and the
velocity changes were apparently insufficient to cause the peak to shift all
the way to 110°, However, the directivities plotted in Figure 4,4-1 would
seem to indicate a small (less than 5°) shift in the peak from 120° to smaller
angles as (1) the falloff between 120° and 110° decreases with increasing speed
and (2) the falloff between 120° and the higher angles (130°, 140°) is seen to
increase with speed initially before the trend is obscured by jet noise (at
speeds above 807, N), A similar shift of the peak angle towards the sideline
was observed by Smith and Bushell (Reference 4.1-1). Hence, separate direc-
tivities were provided for approach and take-off power settings, reflecting a
small shift in peak angle. Mean directivities for approach and takeoff for
TF34 and Ouiet Engine '"C" data are shown plotted in Figures 4,4-2 and -3,
along with the recommended directivities.

Farfield data from the CF6 and Quiet Engine "A" appear to agree with the
recommended directivities for the OASPL.

The directional array was found to be of considerable help in evaluating
the directivity for discrete frequency noise. The accuracy of the array
diminishes, however, with increasing frequency (normally restricted to 6.3 kHz
or below) and the array could not be used for take-off power settings.

Tvpical array results are presented in Figures 4.4-4 and -5 for Quiet
Fngines '"'C" and "A", respectively, at approach power. The results were obtained
with a 20 Hz filter, Turbine tone/jet stream interactions cause a frequency
spread of the tone (Section 5 of Volume II) and, therefore, narrowband data
must be used with some caution. One~third octave band data are preferabhle
because it includes the tonal energy Jistributed into the sidebands by the
interaction effect.

Figure 4.4~6 shows the directivity exhibited bv the 1/3 octave band
containinz the dominant tone for the TF34 and Quiet Fngines "A" and '"C" at
approach power settings. A high broadband floor seriously contaminates the
Engine "A" data at all but the peak angle. The Fngine "A" data are only
plotted to define a limiting envelope and provide a check for Fngine '"C" and
TF34 directivities. The mean of the TF34 and Engine 'C" plots is presented ip
Figure 4.4-7 as the directivity for turbine discrete frequency noise at
approach power settings.
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The peab is assumed to shift to 115" at take=oi) power due to refract ion
eftects as shown In FPipgure 4.4-K,

Appendix A shows how to penerate a sideline directivity fo- a given
i requency from a polar directivity by applying the inverse squa.e law, air
attentuatlion, and extra ground attenuation.

Directivities herein were derived from high bypass ratic engines, but

i experience indicates thut a shift of the peak angle from 120° to 110° allows
the results to be applied to turbojet engines with reasonable success.

+.5 ADDITIONS TO THE PREDICTION METHODS

The analvtical prediction technique for tucbine discrete frequency noise
includes the effects of many geometric and aerodynamic parameters (see Tahle
4,5-1) and, therefore, no separate cortections are required for factors such
as the temperature (density effect) or blade row axial spacing. Since the
prediction provides a source PWL, however, it is necessary to account for
blade row attenuation of noise generated upstream of the last blade row pair.
Some analytical work has been reported in References 4.5-1 and 4.5-2 on sound
transmission through blade rows, and early experience indicates that 10 dB
attenuation per turbine stage 1s reasonable. An energy split of 6 dB to the
rotor and 4 dB per nozzle row is suggested, based on the energy split assumed
in fan/compressor noise work. Six dB per compressor stage is a commonly
assumed value and the higher attenuation for turbine stages is considered to
be due to larger turning and higher solidities.

The results of the correlations are expected to be applicable to various
engine sizes, pressure ratios and wheel speeds. “The turbofan engines used
to derive them encompass a wide range of thrusts and operating parameters.
A separate temperature correction is unnecessary since the inlet enthalpv
(temperature) is used to nondimensionalize the correlating parameter.

A correction for the axial spacing between blade is necessary, however,
The mean value of the axial spacing to upstream blade chord (s/2%) for the data
ased in the correlations is 0.5. Based on experience of two turbine tests
with increased blade row spacing (Section 4.3 of Volume II), a 10 logig
(s/7) correction is suggested for discrete frequency noise at values of s/i
other than 0.5. The effect on broadband roise is much lower and a 5 logjp
(s/%) corrvection is recommended. This effect is linear only over a limited
(s/v) range, roughly 0.4 to 1.5. It is suggested that the correction be
doubled for (s/t) less than 0.3. Separate corrections are believed
unnecessary for blade numbers and solidity since these are somewhat con-
strained hy turbine performance requirements and the effects are small,

Correlations have been provided for mulcistage, low pressure (fan)
turbines. The predicted values should be reduced by 10 dB for a single-stage
turbine because of reduced turbulence effects. (Sea the data of Peference
4,1-1 for a single-stage turbine, The prediction method based on these data
underpredicted the ncise levels for the two-stage Fngine '"C" fan turbine by
some 10 dB as shown in Figures 4,1-4 and -5).
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Table 4,5~1, Data Required for Turbine Discrete
Frequency Noise Pradiction.

: Geometric Aerodynamic )

; Blade Row Solidities* Rotor Speed

l Tip Radius Static Pressure

i Hub Radius Static Temperature
Number of Blades Relative and Absolute Air
Blade Trailing Edge Thickness Angles Entering and Leaving

Each Blade Row¥

Number of Vanes - Section Profile Loss Coefficient*

Number of Spinning Lobes
Harmonic Number (1 - Fundamental)

Axial Spacing between Blade Rows¥*

*
Asierisked items are required at hub, midspan and tip radii
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4.6 SUMMARY - FLOW CHARTS

Three prediction methods have been presented to meet varied requirements:

(A) Preliminary design prediction method - provides quick, one-point
estimates of the PNL at max angle for turbofans using information commonly
available at an early decign stage. The scope of the method is presented in
Table 4.6~1 and a flow chart for implementation of the method in Figure 4.6-1.
The OASPL which includes both the broadband and discrete frequency noise at
the peak angle (normally 120°) and 200 ft. (60.96 m) sideline is computed,
using the turbine overall pressure ratio, the blade tip speed of the last
stage and the core nozzle exit area, through Equation (4.2.2-1):

Peak OASPL = 40 log,, (%3) - 20 log,, Uy + 10 log, A + 164

turbine

whe re (QT) =1 [ ) (4.2.2-1)
turbine Pturbine

The OASPL includes air and extra ground attenuation. The PNL is then computed
using

PNL = OASPL + § (4.2.2.2)

where 35 is provided as a function of the location of the dominant stage BPF

in Figure (4.2.2-6). The dominant stage is generally the last or second-
to-last stage (Section 4.2.2).

If desired, an estimate of the dominant stage tone SPL may be made at the
peak angle and 200 ft (60.96 m) sideline using the turbine overall pressure
ratio, blade tip speed and nozzle exit area through Equation (4.2.2-3):

2

Jeak SPL o= 40 Joglo (T lurbine - 20 loglo UT + 10 loglOA + 165 (4.2.2.3)

This 4PL does notinclude air or extra ground attenuation.

The PNL at the peak angle appears to be controlled by the discrete
frequency noise.

(B) Comprehensive prediction method - provides a complete turbine noise
spectrum at each farfield location. The input requires a knowledge of the
stage pressure ratios, the blade tip velocities, the blade relative velocities
into the buckets, the percentage speed and the spacing between the blade rows.
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Table 4.6~1. Preliminary Design Estimate, Method A, -

Semiempirical Relationship, Correlating Parameter -
Turbine Ideal Work Extraction.

Input
Turbine Pressure Ratio
Blade Tip Velocity (Last Stage)
Core Nozzle
Exit Area
Tone BPF
Output

Peak OASPL & PNL at 200 £t (60.96 m) Sideline
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INFUT
TURBINE PR’
U, A

COMPOSITE (BROADBAND
AND DISCRETE FREQUENCY)
NOISE ESTIMATE

SEMI -EMPIRICAL

RELATIONSHIP
EQN. (4.720 2-1)

|

PEAK OASPL AT 200 FT.(60,96m)
8.L.AND 120°(2.09 rad) ANGLE

BMPIRICAL ADDER FOR

PHL
FI1G., 4.2.,2-6

(

PEL AT 200 FT.(60.96m)
8.L.AND 120°(2.09 rad) ANGLE

DOMINANT STAGE

TONE SPL AT 200 FT.
(60,96m) S,L, AND
120°(2.09 rad) ANGLE

FIGURE L.6-1 FLOW CHART FOR PRELIMINARY ESTIMATES OF TURBINE

A —————— 1 S ST

NOISE (METHOD A).
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She seope ot this method i provided in Table 4.6-0 and a tlow chart for
fmplementaticon in Figure 4.6-0,

The noise levels Lor cach stage are computed separately and summed to
give the tur’ ine noise spectra.

The composite noise level (broadband plus discrete ’requency noise) for
any stage at the 200 ft (60,96 m) sideline peak angle is computed using the
stage pressure ratio, tip blade relative velocity at inlet to the rotor
and stage exit area through Equation (4.2,2-4),

The empirical directivity index presented in Figure 4.4-~2 or Figure
4.4-3 is applied to determine the OASPL at angles other than the peak (which
Figure depends on the power setting, approach or takeoff).

The directivities are provided for an arc because the tone frequency has
significant effect on the sideline directivity due to varying air attenuation.
It is suggested that the spectra be computed over an arc and then extrapolated
to the sideline. Alternately, the arc directivities can be converted to
sideline directivities for a given sideline distance using Appendix A,

The discrete frequency noise for each stage is then obtained from Equa-
tion (4.,2,2-5) as a function of the pressure ratio, blade tip speed and exit
area:

AT
S = ) Jas=hor - -t
Peak SPL ._lloglo T ltage ZOloglo (Up) + lOlogloA + 161.5 (4.2.2-5)

The output SPL dves not include the air and extra ground atlenuations;
these must be subtracted from the SPL to arrive at the farfield value.

The directivity of either Figure 4.4-7 or 4.4-8 (depending on the power
setting) is imposed on the peak SPL to arrive at the SPL's at the other angles.

The discrete frequency SPL is logarithmically subtracted from the com-
bined noisc¢ UASPL at each location to yield the broadband noise OASPL. The
1/3 octave band levels for the broadband noise may be¢ derived by imposing
the appropriate spectrum shape from Figure 4.3-4 (depending on the power
setting). The tone SPL is added to the appropriate 1/3 octave band to give
the complete spectrum for that one stage.

The leveis so derived imply an axial spacing/upstream blade chord ratio
of 0.5. For other values a correction of 10 log (s/%) is recommended to be
applied to the tone SPL and 5 logjg (s/%) to the broadband OASPL, where s 1s
the axial spacing and £ the upstream blade chord. For example, for s/f = 1,
J dB should be subtracted from the tone SPL and 1-1/2 dB from the broadband
SPL. The spacing correction is linear over a small (s/%) range only, roughly
0.4 to 1.5. For (s/f) less than 0.3 it is advisable to double the corrections.
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Table 4.6-2. Comprehensive Noise Estimate, Method B.

° Semiempirical Relationship, Correlating Parameter -
Stage Ideal Work Extraction

LR e AU B Al T PG TR  S coee

Input

R

oy

Stage Pressure Ratio

Blade Tip Velocity and Relative Velocity Into Buckets
Percentage Speed

Blade Passing Frequency

Spacing-to-Chord Ratios
Exit Area

) Output

1/3 Octave Band Spectrum at Each Angle Over a 150 ft
(45.7 m) arc

)
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DISCRETE FREQUENCY
ROISE

COMPOSITE (BROADBAND AND
DISCRETE FREQUENCY
NO1SF

INPUT INPUT
Ste. PRy Ur  lesy SEMI-EMPIRICAL RELATIONSHIP SEMI-EMPIRICAL RELATIONSHIP Jo—i Stg. Pgy V g0
EQN.(4.2.2-5) EQN.(4.2,.~4) (3/%), BPF .
)
[ UNATTENUATED TONE SPL AT OASPL AT 200 ft (60.96 m)
! 200 ft (60.96 m) S.L. AND S.L. AND 120° (2.09 rad)
! pzo' (2.09 red.) ARGLE ANGLE
F
)
AIR ATTENUATION AND EGA
l EMPIRICAL D.1.
FIG.4.4-2 OR 4.4-3 A";‘; A
[ TONE SPL AT 200 ft (60.96 m) .
1 SPL AND 120° (2.09 rad)
; ANGLE
F
.‘.'Nf. BFF g EMPIRICAL D.1.
APP.A FI1G.4,4-7 OR 4.4-8

BROADBAND OASPL AT EACH
ANGLE

"MPIRICAL SPECTRAL SHAPE ZNg

1/3 0,B, SPECTRA ALONG 200ft (60.96 m) S.L.

PNL
PNL + EETRAPOLATIONS

i

kil s ok

Figure 4.6-2 FLOW CHART FOR COMPREHENSIVE TURBINE NOISE PREDICTION PROCEDURE. (METHOD B)
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The foregoing process supplies accurate representations of the spectra
: for cither the last or second-to-last stage, which are normally the dominant
£ stages in fan turbines. For stages other than theze; blade row attenuation
amounting to 10 dB/stage (6 dB per rotor and 4 dB per nozzle) should be imposed.

N TR ST L

The process is repeated for each desired stage and the spectra summed to
form the complete turbine noise spectrum.

e

¢ (C) Analytical prediction of turbine discrete frequency noise - capable

: : of evaluating effects of aeromechanical configuration variations on the noise
generated. Implementation of this method requires knowledge of the blade
geometry and the stage aerodynamics, and provides the source PWL for each

s blade pair. The scope of the analysis and the input required are given in

& Table 4.6-3. A flow chart is provided in Figure 4.6-3.

The analysis models the noise generated by viscous wakes from upstream
blading impinging on a downstream blade row. The model includes a semiempir-
ical description of the viscous wake and velocity defect, the unsteady cir-
culation generated at the downstrear blade row by the velocity defect and
couples this periodic disturbance into the duct acoustic modes [Equations
(4.2.1-1) through (4.2.1-8)].

The analysis is capable of providing noise generation at design and off-
design operating points. Cutoff is implicit in this analysis, because modes
with iw ary wave-numbers will decay exponentially down the duct.

The ; '~diction equations provided show that fan turbine noise reduction
can be obt...ned through increased blade tip speed or reduced relative velocity
incoming to the rotor for any required pressure ratio. At a given tip speed,
decreased precsure ratio should result in reductica in the generated noise.
This effect n v be utilized by designing a front-loaded turbine with the
last two starges lightly loaded. The nolse generated by the earlier stages
is highly & nuated by passage through the downstrzam stages. ]

Additional spacing between the blade rows has been shown to be a viable
noise reduction technique for both high and low pressure turbines. The analysis
for viscous wake interaction indicates that curtailment of the wake defect will
also yield noise relief. £

All of the foregoing are source noise reduction techniques. Turbine noise
may also be controlled through utilization of propagation effects. Enhancement b
of the haystacking (Section 5) is one example. Pushing the BPF to higher
frequencies, particularly over 10 kHz, is another technique. This not only .
results in larger air attenuation, but also pushes the tone beyond the annoy- :
ance rating range. :

-

.
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Table 4.0-3. Analytical Computation of Turbine Tone, Power Level.

° Noise Generation Mechanisms are Similar to Those for
Fan/Compressor
9 Viscous Wake Interaction is the Dominant Mechanism

] Modified Analytical Model Developed for Fan/Compressor
Noise to Accommodate Turbine Blading:

Thick, Highly Cambered Blades
Trailing Edge Thickness
Favorabie Pressure Gradients

© Input
Pressure
‘ Blade Relative Velocity
L. Number of Vanes and Blades

Turbine Size

Axial Spacing

] Blade Geometry

] Chord

Solidity

Aspect Ratio

. Trailing Edge Thickness

[ Output

Tone PWL at Source

% ® Apply blade Row Attenuation Per Stage
' ~-Tone PWL at Turbine Exit
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NOISE
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B, Psy t.

ABRALYTICAL COMPUTATION
. OF VISCOUS WAKE
INYERACTION

Aaba’ Xre1
(s/1), (t/1),

D, H, t. F1G.4.2.1-1 AND EQNS, (4.2.1~-8)

3 .

TONE PWL AT

BLAIE ROW
ATTENUATION

RADIATED PWL

FIGURE 4.6-3 FLOW CHART FOR ANALYTICAL COMPUTATION OF TURBINE
DISCRETE FREQUENCY NOISE (METHOD C).
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SECTION 5.0

INTERACTION NOISE

5.1 BACKGROUND

The interaction of a turbine tone with the fan/core jet stream turbulence
results in a drop in the blade passing frequency (BPF) sound pressure level
and a spread in the signal bandwidth, which is manifest.d as a haystack in
the narrowband spectrum. Section 5 of Volume I qualitatively explains this
shift in discrete frequency acoustic energy into sidebands through scati.ering
of the coherent signal by turbulence cells in the jet mixing region(s). A
simplified model shows that, as a coherent signal propagates through a region
of turbulence, part of the incident acoustic energy is redistributed into a
scattered wave by the turbulence cells. The time variation of turbulence
seen by the incident wave produces a change in the frequency of the outgoing
wave and results in a broadening of the acoustic signature. Tue naturc of
the broadening can be inferred from the form of the time autocorrelation
functions of the amplitude and phase fluctuations. In particular, the
\ frequency sp1 ad is determined by the correlation time of the turbulence
L eddies. The amplitude transformation is a strong function of the correlation

. length, of the eddies, and of the turbulence intensity.

Using a limiting case (a full ON/full OFF switching mechanism where the
tone is completely cut off except for a brief time interval At), the frequency
spread is given by:

(Aw) (At) ~ 1 (5.1-1)
where Aw = 2n (AT)
and 4f = frequency spread over which the signal stays within 6 dB of

the maximum value.
The results of the turbulence cell scattering analysis [Volume I1,
Fquations (5.3.3-13) and (-17)] indicate that, at low Mach numbers, the
important determinants of the interaction effects include:
% ™ The intensity of the incident tome, [|A§|/pc].
} e The size of the eddies in the mixing zone, £..
° The Mach number of the turbulent velocity tluctuations downstream

of the nozzle exhaust plane v’ re the tones propagate out to the
! surrounding air, M.

The following become significant parameters [Vclume II, Equations
E (5.3.3-13) and -14)] when the compressibility and density perturbations imposed
by tne turbulence cells cannot be ignored:
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° The frequency of the incident tone, wy,/2n.

. The difference between the eddy and freestream density uand
compressibility. Loosely interpreted, this would be a function
of the difference between the fan and core stream temperatures.,

The section below develops an empirical correlation using the above

parameters to define interaction effects.

5.2 EMPIRICAL CORRELATION FPOR INTERACTION EFFECTS

5.2.1 1Introduction

The haystacking phenomenon involves both a reduction in the BPF $PL and
a frequency spread (see the narrowband data in Figure 5.2.1-1). If energy
is conserved during the modulation process as is assumed, there must exist
a functional relationship between the reduction and the spread which may be
defined empirically and which should result in:

° A correlation between &, the SPL drop at the blade passing
frequency location, and various aeruvdynamic and engine geometry
parameters.

[ A measure of frequency spread as a function of 9.

5.2.2 Amplitude Modulation

A 5 was defined for purposes of the correlation study as the difference
between the pure, unattenuated (discrete frequency) SPL and the modulated
peak SPL, as shown in Figure 5.2.1-1. Since the modulation mechanism involved
(turbulence scattering) merely results in a redistribution of the tonal
energy into sidebands, the unattenuated tone SPL may be approximated hy the
SPL for the 1/3 octave band containing the BPF. This assumption is
supported by the agreement which exists between the turbine tonc PWl.'s in the
core nozzle (as determined from narrowband spectra obtained from internal
probes) and the farfield PWL's for the 1/3 octave bands containing the tones.
The farfield PWL's were determined for Quiet Engines "A" and "C" and for the
CF6 in Volume II1 (Section 5.3.2). ¢ is defined as:

§ = 1/3 0.B. SPL-Haystack Peak SPL (20 Hz bandwidth) (5.2,2-1)

Acoustic data from Quiet Engine "C" (nominal and coplanar configurations)
and from the TF34 were compiled for this study. Only those data points were
utilized where the tone (or haystack) clearly dominated the 1/3 octave band
SPL L]

Figure 5.2.2-1 shows ¢ as a function of the power setting. The increase

of § with speed is as expected. The data for the three configurations appear
to fall on three parallel lines. The major difference between the two Engine
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"c" configurations is the relative location of the fan and core mno.:l.: cxhaust
planes. This suggests using the distance (L) between the two exhaust planes
as a normalizing parameter. Figure 5.2.2-2 shows that a 20 log (! t L/D2g)
factor collapses the Engine "C" data. Here, the fan nozzle outer diameter
(D2g) is used to nondimensionalize L (thereby providing a size correction).
The correction is in agreement with the analysis of Volume II, Section 5.3.3,
and the results of 'o and Kovasznay (Reference 5.2.2-1) which indicace that
the thickness of the turbulence zone and the turbulence intensity at the

tone propagation point are important determinants of the tone modulation.
Both the turbulence thickness and the intensity encountered by the turbine
tone are strong functions of L/D2g.

The linear relationship between & and ¥ Ny is somewhat misleadiug. The
percent speed setting encompasses a multitude of other parameters, and a
similar relationship would be encountered for a number of other quantities.
The problem is to identify the independent parameter(s).

Per the analysis of Section 5.3.3, Volume II, the turbulence velocity
(and therefore the jet velocity) is seen to influence the scattering. The
fan and core jet velocities, the relative wvelocities, and the velocity ratio
were examined and it was found that a data collapse could be achieved with
the fan exhaust velocity as the correlating parameter (Figure 5.2.2-3). The
correlating line is approximately given by:

v
28 L \_ 2.9-
§ = 40 log10 (100) + 20 log.L (l + ng) 25, dB (5.2.2-2)

where Vg is the fan exhaust velocity in ft/sec.
Equation (5.2.2-2) is applicable for positive values of 6 only. Because

of the narrow frequency range used and the limited data, it was impossible
to separate out the tone frequency dependence.

5.2.3 Frequency Spread

Haystacks in farfield narrowband spectra can normally be approximeted
by a triangle, as shown in Figure 5.2.3-1. The slope of the sides provides
a convenient measure of the frequency spread (Figure 5.2.1-1). The slope
(m) is defined as:

_ _ASPL (5.2.3-1)
"7 (af/2)

where Af is the frequency spread suffered by the tonme and ASPL represents
the haystack amplitude, as seen in a 20 Hz bandwidth spectrum.
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The interaction mechanism apparently does not involve amplification, but
merely involves redistribution of the discrete frequency acoustic energy into
adjacent bands (see Section 5.3 of Volume II). Conservation of energy
therefore implies a unique relationship between the frequency spread and the
amplitude drop, regardless of the engine configuration. This relationship is
demonstrated by Figure 5.2.3-2 in which 10 log (1/m) is plotted against § for
the TP34 and for both Engine "C" configurations. The rough correlation line
shown in Figure 5.2.3-2 may be expressed as:

10 log10 (1/m) = .85 (8) + 8.4 (5.2.3-2a)

or (1/m) = 6.92 x 10°985(8) (5.2.3-2b)

Analynis (Volume II, Section 5.3) does indicate a frequency dependence,
therefore it is suggested that a 20 log f correction (increasing haystacking
with frequency) be used with Equation (5.2.2-2) till data to the contrary
become available. This f2 dependence falls out of the classical works of
Tatarski and others.

5.3 SUMMARY - FLOW CHARTS

Turbine tones propagating through the jet stream turbulence regions
suffer frequency and amplitude modulation resulting in a decrease in the
discrete frequency amplitude along with a spread in the signal bandwidth.
This phenomenon has been termed "haystacking". A correlation was derived
to predict the extent of the scattering at the max angle (120°) using
available high bypass engine data. The prediction method formulation is out-
lined in Table 5.3-1 and a flow chart for estimating the interaction effects
is given in Figure 5.3-1.

A haystack is modeled as a triangle on a 20 Hz bandwidth spectral basis
(Figure 5.2.1-1). The modulated tone is described by a loss (§) in the
amplitude and a change in the slope (m) of the triangular sides.

The amplitude loss (6) is obtained from Equation (5.2.2-1) as a function
of the fan jet velocity and the relative location of the fan and core nozzle

. exhaust planes:

v
6 = 40 log,, (T?%) + 20 log, (1 + -D—L-) - 25 (dB) (5.2.2-2)
: 28

(V28 = ft/sec)
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Table 5.3-1. Prediction of Interaction Effects.

oy e IR L

. Semiempirical Relationships. Correlating Paramster is the
Fan Exhaust Velocity

° INPUT
Fan Exhaust Velocity

_ Distance Between Fan and Core Nozzle Exhaust
b Planes

Outer Diameter of Fan Nozzle

° OUTPUT
Tone Amplitude Loss

Frequency Spread
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TURBINE TORE AND FAN/CORE JET STREAM
INTERACTION EFFECTS

INPUT SEMI-EMFIRICAL

V.o L/D, RELATIORSHIPS
g 28 EQNS.(5.2.2-2) AND (5.2,3-1)

|

AMPLTTUDE DROP

AND FREQUENCY SPREAD
PURE TONE SPL 2,15
AT 150 PT.(45.Tm) ARC
AND
120° (2.09 rad) ANGLE NARROWEAND (20 Hz)
SPECTRUM AT

150 FT.(45.Tm) ARC AND
120° (2.09 rad) ANGLE

|

PNL } EXTRAPOLATIONS

PNLT

FIGURE 5.3-1 FLOW CHART FOR ESTIMATING TURBINE TONE INTERACTION EFFECTS.
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In addition, a frequency correctiou may be added through 20 log f for
very high frequencies (>10k Hz). The f2 variation is indicated by analysis.

. The slope (m) of the hayatack triangle i3 computed from Equation
; 3 (5.2.3-2b) as a fumction of §:

L (1/m) = 6.92 x 100+ 0858 (5.2.3-2b)
k, !
) Example:
Given:
t -
V28 600 ft/sec
1./I>28 = 1.0
Predicted 5000 Hz tone = 80 dB
Calculate:
§ = 40 log.. (828} + 20 108, (2) - 25 (Equation 5.2.2-2)
10 \100 10
= 12.1 dB

(.085 x 12.1)

1/m = 6.92 x 10 (Equation 5.2.3-2b)

= 73.91

Af/2

= E uation 5.2-3'1)
aepL = 1391 (Eq

the observed 20 Hz bandwidth SPL at 5000 Hz would be 67.9 dB and the frequency
spread at a location 6 dB below this would be given by:

Af =2 x6x 73.91

= 889 Hz

The turbine noise prediction method of Section 4 includes the above
haystacking prediction method and provides a means of identifying the

propagation effects for unusual configurations such as coplanar exhausts
and diverted fan flows.

The correlating equation suggests that the amount of haystacking may
be minimized by cutting dowm on the distance between fan and core exhaust
planes and by decreasing the fan velocity. These two parameters determine
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. the thickness of the mixing region and the extent of turbulence encountered
; by the turbine tone propagating out of the core nozzle.

The analysis of Volume I1 indicates that the phenomenon is frequency
dependent and that the modulation increases with frequency. The Volume II

analysis also shows that the haystacking increases with the eddy correlation
length, 2..

Haystacking provides a means of reducing the PNL, and therefore the
effect may be desirable.
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SECTION 6.0

OBSTRUCTION NOISE

6.1 BACKGROUND

Struts, pylons, flamsholders and sensing probes are some examples of L
typical obstructions thay may exist in the flowpath of jet engines. Flow )
of air over these bodies generates acoustic radiation. Obstruction noise P
can be controlled by proper design of the struts. Typical acoustic data
from engines with struts having blunt shapes and streamlined shapes are
presented in Volumes I. An extensive series of model tests was conducted to
measure the influence of various geometric and aerodynamic parameters on the
overall acoustic pover level and the power level spectrum (Volume II, Section
o 6.0). An empirical method was formulated to predict the overall power level
t and the one-third octave band power level spectrum for obstructions placed in -

3 smooth uniform flow. Details of the prediction model are given below. P

6.2 PREDICTION METHOD

6.2.1 Overall Power Level

The overall acoustic power level radiated by strut-shaped bodies placed
in low turbulence flow is given by

OAPWL = 10 10310(!. . tm *h- EZ) + 4 logm CD + 16.8, db re 10'":“3 watt

where (6.2.1-1)

L - chord, ft
maximum thickness, ft

e e A . i © P . kA et B

(o
[}

h = span, ft

|
]

o Upstream mean axial velocity, ft/sec

Ch = profile drag coefficient

This formulation is valid for angles of attack in the range of 0° to

15°, Reynolds numbers in the range 3 x 105 to 1 x 105 and smooth, lot/ turbu-
lence flows.

.-

e et -l s
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6.2.2 One-Third Octave Band Power Leawel Spectrum

The one-third octave band power level spectrum is presentcd in &
normalized form in Mgure 6.2.2-1. A normalised 1/3 0B PWL is defined as

PWLy = PNL) 5 op = OAPWL o iculated (6.2.2-1)

PR

This is plotted in Figure 6.2.2-1 versus a thickness-based Stiouhul
number defined as

fﬁ-%q

GRS
(]

s e —————TIT

i vhere § = maximm thickness, inches

f = frequency, H=

The spectrum for any specific condition may be obtalaed a. foii.w.,

(1) Calculate OAPWL from Equation (6.2.1-1)

(11) For each 1/3 OB frequency of interest, calculate i+ - \Ilé

1%

(111) Read PWLy from Figure 6.2.2-1 corresponding to f*
(iv) Obtain the 1/3 OB PWL at the chosen f as

mlla oB " PVLN + OAPWL

(Note that t;ux is in feet and ¢ is in inches)

6.3 COMPARISON WITH AVAILABLE DATA

The OAPWL calculated by using the correlation of Equation (6.7.1-!) is
shown plotted in Figure €.3-1 versus the meagured OAPWL for ¢ight configura-
tions tested at a® = 0. The correlation was derived from the meinzured dsta.
The line drawn at 45° to either axis indicates that the correlation rollspses
the data very well. Data obtained in two other tests are listed helow and
are plotted &s the solid symbols on Figure 6.3-1.

(a) Hayden et al., Refarences 6.3-1 and 6.3-2
NACA 0012 Airfoil

chord = 6", wetted span = 16", § = 0.72", ﬁo = 100 fpu, Cp = 0.007,
a® = 4 '

Measured OAPWL = 94.7 dB re 10713 wact S -
OAPVWL calculated by the proposed model = 94.5 dB .. 0 = Wwaot

This is plotted as the solid square in Figure 6.3-1.
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(b) Typical Full-Scale Engine Strut Noise Test - CE

Comparison of the calculated OAPWL with data measured from tests on
a typical full-scale eugine strut also indicates excellent agreement.
These tests were conducted in a different test facility from that in
which the data used to arrive at the correlation were obtained.
Acoustic measurements were made by means of microphones located on a
25 ft arc at angles of 20°, 30°, 40°, 50°, 60°, 70°, 80°, and 90°
relative to the duct exit axis. (The current core engine tests were
conducted in a semizeverberent room.) The significant parameters

are listed below:

Elliptical Section:
§ =0.73", 2 = 1.74", h = 4", a® =0

Cp = 0.15 (Reference 6.3-3)

Uy OAPWL OAPWL
calculated measured

(fps) (dB) (dB)

335 114.3 114.5

445 120.2 120.8

588 126.6 126.8

These data are shown in Figure 6.3-1 as solid triangles. Figure 6.3%-1 thus
tollapses data obtained from three entirely independent sources under different
test conditions.

6.4 SUMMARY - FLOW CHART

A method is presented to predict the overall power levels and 1/3 octave
band power level spectra for acoustic radiation from struts placed in a
smooth, uniform flow. The parameters required for the prediction are the
mean upstream axial flow velocity and the strut chord, wmaximum thickness,
wetted span and profile drag coefficient. A flow chart is provided in
Figure 6.4-1. The method is based on a correlation of data from a series of
model tests in a free jet. The formulation is valid for angle of attack
below 15°, a Reynolds number range (based on the chord) of 3 x 10° to 1 x 106,
and smooth, nonturbulent flows.

To apply the method, the OAPWL is computed from Equation (6.2.1-1):

OAPWL = 10 log, (L.t . h. if;) + 4 log,y Cp + 16.8 (6.2.1-1)
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FIGURE 6,4-1 FLOW CHART FOR ESTIMATING OBSTRUCTION
NOISE.
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The power level spectrum is then obtained using

' mll:, 0B = OAPWL + PVL" (6.4-1)

where PWLy is given by Figure 6.2.2-1 for each 1/3 octave band as a function
bf the Strouhal number (based on the max thickness).

: This prediction method shows excellent agreement with acoustic data from
; other obstruction noise tests.

: Several noise reductio'. tecnniques are provided by the prediction
b equation. The largest effect is obtained by reduction of the inflow velocity,
amounting to a 50 log effect. Decrease in the strut size would also afford
noise relief, for example, through a drop in the chord or max thicknccs.
Finally, it can be seen that aerodynamic faring to reduce the profile drag
coefficient will reduce the noise generated. For example, merely rounding
the cormers of a rectangular strut can drop the drag coefficient five fold,
which provides 3 dB of suppression.
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SECTION 7.0

CASING RADIATION

7.1 INTRODUCTION

The effect of casing radiation on overall engine noise is examined
in Section 2.2.6 of Volume I. Under certain circumstances, casing radiation
is concluded to have a measurable effect on the engine noise spectrum.
Section 7 of Volume II explores the various engine configuration and struc-
tural properties, which have an effect on the degree of casing radi.ition, to
expect from a turbomachinery component.

Casing radiation is determined by evaluating the component sourc: noise
and applying the casing transmission characteristics contained in Section 7.3
of Volume TI. It is not often practical in the engine preliminary design
stage, however, to address casing radiation in such detail. With the prelimi-
nary evaluation concept in mind, this section therefore contains a less

detailed, more practical core engine casing radiation noise prediction
procedure.

7.2 DERIVATION OF THE SOURCE SPECTRUM

The J79 data previously examined in Volume II were used to develop this
source spectum prediction method. Acoustic data taken with casing and
nearfield microphones were used in the correlation (Figure 7.2-1). Nearfield
microphone #21 (Figure 7.2-1) was selected to compute the core acoustic
radiation through the casing in order to minimize contamination from residual
inlet and exhaust noise. Data for the 90% and 100% speed points were obtained

from 40 Hz narrowband plots and summed to provide 1/3 octave band levels shown
in Figure 7.2-2,

The two spectra were then collapsed by means of the following correla-
tien:

] % = - 7 - ‘

STL SPL -~ 10 log10 W - 60 log10 UT

or . (7.2-1)
= %

SPL SPL* + 10 loglo W + 60 log10 UT

where SPL = Value measured by microphone #21, dB re .0002 d/cm2
@ 8 ft (2.4 m) from the engine casing
W = Core flow, lb/sec
Up = Tip speed of compressor first stage, ft/sec
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Figure 7.2-3 shows that this normalization is effective in collapsing the
J79 spectra.

This spectrum is unique to the J79 engine, but the effect of the casing
may be removed by applying the formulae of Section 7.3 of Volume II. A
normalized spectrum is then obtained:

L ] U
I -
SPL = Kf + 10 log10 W+ 60 10310 (100> (7.2-2)

whr.re K¢ 18 given in Teble 7.2-i.

Equation¥(7.2-2) and 7asble 7.2-1 thus represent a "no casing" source
spectrum. In order to obtain the external spectrum, the casing transmission
characteristics for the particular engine under study should be applied. The
equations of Section 7.3, Volume II, provide these characteristics. Equation
(7.2-3) would then be written as

. U
SPL Kf +1 1og10 W+ 60 log10 (100) TL (7.2-3)

where TL is the casing transmission loss.
A predicted spectrum is compared to data from a highly suppressed TF34
engine whose fan casing had been wrapped with foam and a lead blanket as a

check on the above casing radiated noise estimate (Figure 7.2-4), The agree-
ment is good except for the fan blade passing frequency.

7.3 SUMMARY - FLOW CHART

A preliminary design prediction method is presented for the casing noise
spectrum of an engine when little is known about the constituent noise
sources. Figure 7.3~1 provides a flow chart for implementing this method
which was derived from a correlation of J79 data, using the blade tip speed
for the compressor as the correlating parameter. A "no casing" source
spectrum (Kg) at 8 ft and 90° is provided in Table 7.2-1. The level of the
entire spectrum is adjusted for the compressor tip speed and weight flow
through Equation (7.2-2):

U,
y __L_ (7-2'2)
SPL = K, + 10 logl0 W+ 60 10310(100)

The transmission loss (TL) is computed for the engine casing in question
to provide the casing radiation noise at 8 ft and 90°. This spectrum may be
extrapolated to any farfield distance using the inverse square law and the
appropriate air and ground attenuations.

When the engine cycle has been defined, the casing radiated noise is
estimated by first predicting the individual component source noise levels
and applying the casing transmission characteristics contained in Section 7.3
of Volume II.
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Table 7.2-1.

He Ke
100 16
125 18
160 19
200 20
250 21
315 21
400 21
500 22
630 21
800 19
1000 19

e e A e e

Casing Radiation Source Correction Factors

for Use With Equation 7.2-3.

Kf@BftSL@90.

1000
1200
1600
2000
2500
3150
4000
5000
6300
8000
10000
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CASING RADIATION
(PRELIMINARY DESIGN
METHOD)

EMPIRICAL RELATIONSHIP

{ UT. L]

SOURCE SPECTRUM

'

TRANSMISSION LOSS
EQN, (7.2-3) AND VOL.I1I
SECT. 7.3.”.(7.3-1) To (7.3-11)

'

RADIATED SPECTRUM AT
900

PNL AND EXTRAPOLATIONS

FIGURE 7.3-1 FLOW CHART FOR ESTIMATING ’ ; :
RADIATION, !
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s Casing radiation may be reduced by any means that increases the trans-

ot mission loss. This may be accomplished, for example, through increased casing

‘ thickness, visco-elastic wraps or manipulation of the engine casing to obtain )

, high ring and crirical frequencies. As explained in Volume 11, the trans- s
; mission efficiency incxeases at and above the critical and the ring frequencies. 1
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SECTION 8.0

EPNL ESTIMATES OF CORE ENGINE NO1SE

8.1 BACKGR: _.w

The purpose of this section is to provide the EPNL noise estimates

for the core engine alone for an aircraft powered by typical turbofan
engines. Included are the spectral characteristics of ihe major core
enpine nuise constituents. Further, the impact of implementing the

core engine suppression techniques identified during this program on the
core engine EPNL's are also shown.

8.2 CORE ENGINE NOISE

The core engine noise spectra were predicted for a 4-engine aircraft
powered by "typical" bypass ratio = 4 engines using the methods provided
in this volume. The spectra at the front max (nominally 60°) and aft max
angles are shown in Figure 8.2-1 at approach power and 8.2-2 at takeoff
Power. The corresponding component perceived noise levels (in the form
of PNLT's) are provided in bar chart form in Figures 8.2-3 and -4, along
with the EPNL's for the core engine alone. The jet noise spectra include
simulated flight (relative velocity, Dynamic and Doppler) effects, while
the remaining core engine sources include only Dynamic and Doppler effects.
The relative velocity corrections imposed on the jet noise are conservative
estimates obtained in part by comparison of static and flight data. The
jet, combuster and turbine were all contributors to the approach levels,

but the aft angle (1200) PNLT was totally dominated by turbine noise.
Interaction (Haystacking) effects are included in the turbine noise esti-

mate. The EPNL for the unsuppressed core engine fell about 4.6 EPNdB
below FAR36.

At takeoff power, the jet was by far the dominant noise source and
turbine noise could not be discerned. At this power setting, the core engine
EPNL. fell about 4 EPNdB below FAR36.

8.3 APPLICATION OF CORE ENGINE SUPPRESSORS

Core engine technology suppressors were applied to the core engine
spectra by assuming the benefits of the following:

® An |8 lobe suppressor nozzle on the core exhaust
® A deep cavity resonator in the core
e Blade row spacing in the low pressure turbine.

The suppressions were applied as follows. Table B3 (Appendix B) was ;
used to define the jet noise suppression at takeoff, giving 2.5 PNdB _
suppression at the maximum aft angle - 120°. The suppressor tests (Section
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2,4, Volume 11I) indicated negligible effects on the PNL at approach.

It was assumed that the static results would be realized in-flight.

The deep-cavity resonator was assumed to be peaked at 400 Hz and the
suppression spectrum indicated by the component tests (Section 8.4,

Volume I[) was applied to the core noise. The suppression resulting

vas 9.2 PNABR at takeoff and 8.8 PNdB at approach for the max aft angles.
Finally, spacing was introduced in the turbine and the spectrum suppressed
as indicated by the results of Section 4.3, Volume II. The turbiune

noise reduction obtained through spacing was 5.5 PNdB at the max aft

angle at approach.

The resultant spectra are shown in Figures 8.3-1 and -2, respectively.
The corresponding PNL's and estimated EPNL's are provided in Figures 8.3-3
and -4. The core engine noise is still 0.9 EPNdB above FAR36-10 at approach
and 3.3 EPNdB at takeoff. However, the noise relief obtained is signifi-
cant. It should be noted that turbine noise attenuation due to acoustic
treatment in the core was not assumed. Hence, even further core engine
Noise reduction could be obtained at approach power by including separate
high frequency acoustic treatment in the core or by designing this capa-
bility inte the low frequency combustor noise treatment. For example,
if 3 PNdB worth of turbine suppression were obtained through treatment
in the core nozzle (requiring only a small treated area), the approach
Power EPNL for the core engine noise would be 1.4 EPNdB below FAR36-10.

8.4 SUMMARY

The core engine noisce levels for a high bypass turbofan were predicted
and shown to he significant with reference to FAR36 levels. 1In particular,
the turbiue at approach and the jet at takeoff were the major contributors
to the noise,

Application of core engine suppressors results in substantial noise
relief, but still leaves the core engine slightly above FAR36-10. The
results are summarized in Table 8.4-1.

The suppressor concepts identified in this program may not be directly
applicable to engines because of constraints of size and weight and
associated performance penalties. For example, the 18 lobe suppressor
would obviously result in some drag loss-the amount remains to be defined,
while the existing deep cavity combustor noise suppressor could hardly be
accommodated within a flight worthy engine, and the spaced turbine would
add to the weight. Also, the inflight effects remain to be demonstrated,
particularly on the 18 lobe jet suppressor.
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S APPENDIX

EXTRAPOLATION OF DIRECTIVITY ALONG AN ARC
TO_A SIDELINE

Assume that the arc directivity is provided as DIR(O). where 8 is the
angle from inlet. DI is defined as:

DI(®)
or DI(Y)

Peak SPL - SPL(6)
SPL(120°) - SPL(8) (A-1)

The subscripts R and SL denote arc and §ideline values. Referring to
Figure A-1, the SPL at any sideline locadtion can be found from the
corresponding arc SPL:

e 1y g

SPLg, (8) = SPLL(8) - 20 10310(5%?-) + a(R)-a(x) + EGAR)-EGA(r) (A-2)

where r(9) = distance from engine to the sideline location
R = arc radius
" = air attenuation
EGA = extra ground attenuation

Note that o and EGA are functions of the atmospheric conditions and
frequency, but while u varies lineavly with distance, the EGA does not.

For example, taking the directivity to bbe falloff from max aft angle
(120°), the directivity along the sideline is given by:

= oy _
DISL(S, = SPLSL(IZO ) SPLSL(Q)

- ° -
= SPLR(IZO ) SPLR(O)

-[20 1°31o("£$£%9’l) - 20 log)q e

+ 2(R) - «(R) + EGA(R) ~ EGA(R)
~{u vr(120°)] - a[r(8)]}
-{EGA[r(120°)] - EGA[r(8)1}

or DISL(ﬁ) = DIR(O) - 20 loglo (f%%%g:l) - {a[r(120°)] - a[r(9)]}

-{EGA[r(120°)] - EGA[r(©)]}

sinf
or DISL(H) = DIR(O) - 20 10310(7333) - {a(1.155L) - u(L/sinB)}

-{EGA(1.155L) - EGA(L/sin®9)} (A-3)
where L is the sideline distance.
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APPENDIX B
( § Scund Pressure Level differvnces Betwecn
i Unsupprersed and Suppressed Coaxial Jet Systoems
g TABLE Bl
S 18 LOBE CAPPED CORE SUPPRESSOR, v = 0.6
, c ;
; . A SPL = Cm"“unsupp - MSUPP AT 320 ft (97.6 m.) ARC FOR BASELINE I
¢ Angles From Inlet
Frequency 30 60 90 120 140 150 160
50 S 4 4 5 7 7 8
63 5 5 4 6 8 8 9
80 5 5 4 6 9. 9 9
100 5 4 4 6 9 9 9
125 5 4 3 6 9 9 8
160 S 4 3 6 9 9 8
200 4 3 3 5 8 8 7
250 4 3 2 5 7 7 7
315 3 3 2 4 S 6 6
400 3 2 2 3 3 4 5
500 3 2 1 2 2 3 4
630 2 1 1 1 1 2 4
800 2 1 0 0 1 2 3
1000 1 0 0 -1 0 1 3
1250 1 -1 0 -2 0 1l 3
1600 0 -1 -1 -3 -1 0 3
2000 -1 -2 -2 -3 -1 0 3
2500 -1 -3 -2 -3 -1 0 3 1
3150 -2 -3 3 -4 -1 0 3 |
4000 -2 -4 -4 -4 -1 4] 3
5000 -3 -4 -4 -4 o 1 3
: 6300 -4 -4 -5 -4 0 1 3 :
8000 -4 -5 -5 -3 1 2 3
10000 -5 -5 -5 -3 2 3 3
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TABLE B2

</,
ey

18 LOBE CAPPED CORE SUPPRESSOR, = 0,5

c b
A sPL = COANNUNSUPP - COANN SUPP AT 320 ft (97.6 m.) ARC FOR BASELINE 1 i

e

Angles From Inlet
Frequency 30 60 90 120 140 150 160 )

. 50 6 5 3 5 10 10 10
63 7 S 4 7 12 12 12

80 7 6 5 8 13 13 13

100 8 6 S 8 13 13 14

125 8 6 5 8 13 14 15

160 8 6 5 8 13 14 16

200 7 5 S 8 12 13 15

: 250 7 5 4 7 11 12 13
¥ 315 6 4 3 6 9 10
f ‘ 400 6 4 2 5 6 7
500 5 3 1 4 4 4 4

} 630 4 2 0 2 3 2
; 800 3 1 -1 0 2 2 2
f 1000 2 0 -2 -2 2 1
i 1250 0 0 -2 -3 1 1 1
: 1600 -1 -2 -3 -4 1 1 1
2000 -2 -2 -3 -4 1 1 1

2500 -3 -3 -3 -5 1 2

3150 -4 -4 -3 =5 1 2

4000 -5 -4 -3 -6 1l 2 3

5000 -6 -4 -3 -6 2 3 4

6300 -6 -5 -3 -6 2 3 5

8000 -6 -5 -3 -6 2 3 5

10000 -6 -5 -3 -6 3 4 6
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150
11
12
12
12
12
10

= 0,6
140
10
11
11
11
11
10

Ty

120
10

Angle From Inlet
920

TABLE B3

60

R
18 LOBE CAPPED CORE SUPPRESSOR,

T Y T

Y

50
63
80
100
125
160

-
L]
g2
-
8
w0
3
-
g
2
<
~
£
0
~
2
-
Y-
(=}
o
(]
[ 54
<
Zoe
&
-]
m
]
[+
&
(2]
5
g
3
[&)

[
wt
Y
443
<

Frequency

™

200
250
315
400
500
630
K00
1000

-1
-1

-5

~4
-6
-7
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1250
1500
2500
3150
4000
5000
6300
8000
10000
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